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FOREVTORD 


This application study of advanced power generation aysteaa utilising 
coal-derived fuels was performed by United Technologies Research Center with 
8ubcon'r»^:t assistance from Burns anJ Roe, Inc. The study program haa been 
prepare: under Contract NAS8-33996 for Marshall Spare Flight Center of the 
National Aeronautics and Space Administration. The technical work described 
herein was initiated in September 1980 and completed in March 1981. 

The technical results of this application study are presented in two 
parts. The first part is an Executive Summary (Volume I) which provides a 
concise review of all major elements of the study. The second part is a detailed 
Technical Report (Volume II) describing the technology status of the three 
advanced po«fer generation systems studied (combined cycle gas turbine, fuel 
cells, and magretohydrodynamics) and the performance of these generation systems 
either utilizing a medium-Btu coal-derived fuel supplied via pipeline from a 
large central coal gasification facility or integrated with a gasification 
facility for supplying medium-Btu coal-derived fuel gas. 

The United Technologies Research Center presided overall program management 
and the major contributions Co the combined cycle gas turbine and fuel cell power 
plant evaluation. This effort involved: 

Fred L. Robson, Program Manager 

Robert D. Lessard, Deputy Program Manager 

William A. Blecher 

Stewart J . Lehman 

W. Richard Davison 

Burns and Roe provided the major contributions to the magnetohydrodynamics power 
plant evaluation. This effort involved: 

Albert W. Carlson 

The study program was conducted under the general direction of Richard 0. Kramer 
and Robert Giudici of Marshall Space Flight Center. 

The support and assistance of all the aforementioned individuals and organizations 
in contributing to the successful completion of this study program is acknowledged with 
sincere appreciation. 
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Final Study Report of an Applications Study of Advanced 
Powr Generation Syatema Utilising Coal-Derived Fuela 

Volume II - Technical Report 


One of the most promising oiethods for utilizing coal for electric po%»er 
generation is to gasify it and then combust the fuel gas in an advanced technology 
power generation system. The analysis of gasification/power generation systems 
has been the subject of numerous studies in recent years. Despite the prolifera- 
tion of Studies it is often difficult to effectively utilize the data generated 
because of the differing guidelines which have existed among the studies. 
Consequently, if data were desired for a specific generation system application, 
it is often necessary to develop the data unique to that application. 

Two applications of interest to Marshall Space Flight Center (MSFC) involve 
potier generation systems that either 1) utilize a medium-Btu coal-derived fuel 
gas supplied via pipeline from a large central coal gasification facility, or 2) 
are integrated with a gasification facility for supplying medium-Btu coal-derived 
fuel gas. Although previous studies have considered these applications, the 
requirement still exists to evaluate the employment of specific power generation 
systems in these applications, namely, combined-cycle gas turbines, fuel cells, 
and magnethodydrodynamics (MHD), on a consistent basis. The objectives of this 
study are to provide 1) descriptions of the state of the art for these conversion 
systems and projections of future technological advances; and 2) an assessment of 
the performance of each of these power conversion systems using mediusi-Btu fuel 
gas. This document presents the results of Task 1 (Assessment of Systems Technology 
Status), Task 2 (Description of Advanced Power Systems), Task 3 (Evaluation of 
Advanced Power System Utilizing Coal-Derived Medium-Btu Gas), and Task 4 (Evalua- 
tion of Advanced Power Generation System Integrated with a Coal Gasifier Producing 
Medium-Btu Fuel Gas). 

The work described in this report has been performed at United Technologies 
Research Center (UTRC) and Burns and Roe, Inc. (BAR) under Contract No. NAS8-33996 
with George C. Marshall Space Flight Center of the National Aeronautics and Space 
Administration (MSFC). 
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1.1 Assessment of Fuel Cell Power System Status 

The objectives of this technology assessment have been to develop a data base 
reflecting the current status of both phosphoric acid and molten carbonate fuel 
cell power generation system technology and to provide an appraisal of probable 
future development of the technology. The scope of this assessment effort 
included: a literature review of the current status of fuel cell technology; 

summarization of fuel cell power generation system operational behavior and 
experience; and a projection of the future course of fuel cell power gener* 
at ion system development with an indication of potential challenges which must 
be met to fulfill the projections. The objectives of this technology assessment 
effort as stated above provide the format for the following commentary. 

Prior to reviewing the comment ary» however, it may be appropriate to first 
review the three appendices provided as background to the fuel cell assessment. 
Appendix A.l includes a development of the electrochemical fundamentals associated 
with fuel cells and is provided for the purpose of introducing the key fuel cell 
performance relationships. Appendix B*1 contains a discussion of the potential 
advantages of a fuel cell power generation system to a utility. Appendix C.l 
furnishes a review of the historical development of the fuel cell up to the 
present programs. 

1*1.1 Current Technology Status and Operational Data Base of Fuel Cell Power Systems 

A fuel cell power system consists of a fuel processor that produces 
H 2 *rich fuel from raw and primary fuels, a power section that converts the 
chemical energy in the gaseous feeds to dc power, and a power conditioner that 
converts dc to ac power (Fig. 1.1. 1-1). To utilize the heat rejected from the 
fuel cell power system, a cogeneration system to supply thermal energy or a 
bottoming power generation system to provide additional electrical output could 
be added. A hydrocarbon fuel (natural gas, mined coal, solid waste, refined 
petroleum products or resids, synthetic natural gas, naphtha, methanol, etc.) plus 
steam, and heat recycled from the fuel cell section are fed into the fuel 
processor to generate a gas rich in hydrogen. The fuel processor could be a 
reformer, a gasifier, or a hydroprocessor, depending on the hydrocarbon fuel 
used. The hydrogen-rich mixture is then fed to the anode side of the fuel cell 
power section which is formed by fuel cells connected electrically in series to 
generate the desired voltage. The dc power obtained is then processed by the 
power conditioner (at about 95“percent efficiency) to produce the ac power to 
meet the user requirements. 

Fuel cells and fuel cell power systems are usually classified according 
to the type of electrolyte or ion conducting media used. In the current 
study effort two fuel cell types are of special interest: the phosphoric acid 

fuel cell and the molten carbonate fuel cell. The technology of the phos- 
phoric acid fuel cell has been highly developed. As such it is regarded as a 
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first generstion fuel cell. Because of the near~term application potential of 
the phos^oric acid fuel cell, phosphoric acid fuel cell po%ier systems will be 
discussed first followed by a discussion of the technology of the more long>term» 
second generation molten carbonate fuel cell power systems. 

The topic of the commentary in the following sections is the current status 
of both phosphoric acid and molten carbonate fuel cell power system. The format 
for the discussion of these fuel cell power systems will be similar; a brief 
overview of the principles of operation will be followed by a commentary relating 
the important parameters «rhich effect performance and identifying the current 
state of techi ology which defines these parameters. The material presented has 
been collected from the recent open literature, a bibliography of which is provided 
in a later section. One work was especially useful, however, and should be 
cited and that is (The) Handbook of Fuel Cell Performance prepared under DOE 
Contract No. EC*77-03-154S by T. G. Benjamin, E. M. Caoara, and L. G. Marianowski . 

1. 1.1.1 Phosphoric Acid Fuel Cell Power Systems 

State-of-the'-art phosphoric acid fuel cells operate at 150 to 200 C and 1 
to 3 atmospheres. The electrical operating point is 0.35 to 0.65 volts/cell at 
100 to 400 mA/cm^ of electrode area. The present phosphoric acid cell is 
adequate for utility applications. The fuel cell power system efficiency is 32 
to 40 percent which is consistent with reasonable stack costs provided the 
stacks are made by mass production techniques. 

Although small phosphoric acid stacks have operated for extended periods, 
the desired 40,000 hours has yet to be demonstrated. A 4.8-MU demonstration 
plant containing all the equipment and facilities necessary to convert fuel 
into ac electrical necessary to convert fuel into ac electrical power is being 
constructed and will be operational this year. 

Principles of Operation 

In the phosphoric acid cell (see Fig. 1.1. 1.1-1) gaseous hydrogen in the 
fuel diffuses through the porous anode to a reaction site at the electrode 
(solid)/electrolyte (liquid) interface where it is electrochemical ly oxidized 
according to: 


H2 ♦ 2H* 2e~ (1.1. 1.1-1) 

The electrons are transported through the external circuit » and the hydrogen 
ions are conducted through the electrolyte to the cathode reaction sites. 

^ygcn» which has diffused through the cathode » reacts with the hydrogen ions 
and electrons (£q. 1.1. 1.1-2), and the product water diffuses back out of the 
cathode: 


1/2 Oj ♦ 2H* ♦ 2e" ♦ H20(g) 


( 1 . 1 . 1 . 1 - 2 ) 
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The net reaction is: 


H 2 ♦ 1/2 O 2 H20(g) 


(l.l. 1.1-3) 


Cell Coaponents 

A sketch of a conventional phos^oric acid fuel cell is displayed in Fig. 
1.1. 1.1-2. The cell is composed of a phosphoric acid electrolyte sandwiched 
between two porous electrodes. The electrolytes are retained by either a thin 
inert matrix or a thin pad acting as a blotter. The electrodes are porous 
carbon catalysed with small amounts of platinum. They are backed with porous 
conductive support sheets. Sandwiching the entire cell are separator plates 
which as the name implies separate adjacent cells. The separator plates are 
ribbed to provide channels for the fuel and oxidant to flow to the anode and 
cathode, respectively. A large nun^ber of these individual cells are then 
assembled in series to provide the desired output power and voltage. For 
example, the 4.8-MW deisonstrator to be used in Con Edison has fuel stacks with 
approximately 460 individual cells. 

One of the goals of past and current fuel cell programs has been to reduce 
cell stack cost. One of the most notable achievements has been the reduction 
of platinum catalyst required in the electrodes. Current cells require less 
than 4 percent of the platinum used in earlier cells (0.75 mg/cm^ as compared 
to 20 mg/cm^ of active cell area). This has been accomplished with minor 
effect on cell performance (Fig. 1.1. 1.1-3). 

Another cell structure advance which promises to reduce fabrication costs 
is the integral ribbed substrate (Fig. 1.1. 1.1-4). This cell concept will also 
provide increased electrolyte capacity. In part, the cost reduction is brought 
about by the substitution of a 2-3 day process in place of the conventional 
2-week molding and curing process which produces a complex bipolar/separator 
plate. Aside from being complex, the molded processing method places a limita- 
tion on the sixe of the plate that can be fabricated. Eliminating the sise 
constraint on the cell structure thereby provides the possibility to go to « 
larger and more cost effective cell. 

The unique features of the integral ribbed substrate concept are: 1) 

replacing with a simple impervious flat plate the complex bipolar/separator 
(which normally contains a ribbed reactant flow field on either side perpendicu- 
lar to each other) i and 2) transferring the function of each solid ribbed flow 
field onto a ribbed porous element which, after deposition of catalyst on one 
side, behaves like an electrode and which is also designed to act as an 
electrolyte reservoir. 

General Performance Considerations 


The isagnitudes of the anode, the cathode (activation plus concentration), 
and ohmic polarisations for a typical phosf^oric acid fuel cell are shown in 
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FIG. 1.1.1.1-3 
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Pig. 1.1. 1.1*5. The upper curve represents the cell perforaence that could be 
obtained if ohaic (approximately 15 mV/100 mA/cm^) and anode (approxisMtely 5 
mV/100 mA/cm^) polarisations were eliminated. It also demonstrates the 
significant gains possible if the cathode polarisation (approximately 400 
mV/300 mk/cvr) could be reduced. The relative magnitudes of the anode and 
cathode polarisations illustrate why most recent cell electrochemistry research 
is concentrated on the cathode. 


Although the phosphoric acid fuel cell is much more developed than any 
other fuel cell system, it is difficult to find clear parametric performance 
data in the open literature. Therefore, in the following discussion on the 
effects of various performance parameters on fuel cell performance, a baseline 
system is used to illustrate the effect of parameter variations. The baseline 
cell operates with H 2 and O 2 at low utilisation, atmospheric pressure, and 
175 C. Its performance is shown Fig. 1.1. 1.1*6. 

Temperature Effects 

Increasing temperature will enhance mass transfer, increase the reaction 
rate, and usually decrease cell resistance, thus reducing polarisation and 
increasing cell performance. In the case of the acid cell, the additional 
benefit of increased CO tolerance at higher temperature is realised. On the 
other hand, increasing temperature results in increased corrosion, catalyst 
sintering and recrystallisation, and electrolyte loss due to evaporation, so 
a compromise is required. Current cells operate at 190 C but work is in 
progress to increase this temperature level. 

The increase in cell performance which could be realised by increasing oper- 
ating temperature is shorn in Fig. 1.1. 1.1*7 for a cell burning either reformed 
methane (RM*1) with air, H 2 with air, or H 2 with O 2 all at 50 psia and 
300 amp/ft^ current density. It can be concluded from this illustration that 
modest temperature increases on the order of 30 C above the current level of 
190 C could produce significant (up to 10 percent) performance increases. 

Pressure Effects 


There are multiple incentives for operating a fuel cell at elevated pressure, 
including integration with fuel processors, increased reactant partial pressure 
(Nernst gains), and higher gas solubilities in the electrolyte. There are also 
problems associated with high-pressure operation such as increased component 
corrosion resulting from the higher voltage. Phosphoric acid fuel cells 
operate in the range of 1 to 10 atmospheres. 

Increasing cell pressure will result in higher cell performance because of 
decreased sctivation polarisation at the cathode due to increased oxygen and 
water partial pressure. The water dilutes the acid resulting in a higher 
exchange current density (see Appendix A.l). An additional gain is realised in 
the open circuit potential due to the Increased partial pressure of water and 
oxygen. 
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FIG. 1.1.1.1-6 
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Iht incr«««« in cell pcrforunct result inf fron increasing pressure is shown 
in Pig. 1.1. 1.1*8. A correletion describing the relationship between cell 
voltage change, AV, and pressure ratio, P2^^1* ** in Fis< !• 1.1. 1*8, is: 

AVp - 142 log (Pj/Pi) (1.1. 1.1*4) 

This correlation appears to be valid at least over the range from 190 C to 220 C 
because the effect of pressure on cell perfonsance is independent of tenperature 
over this range. 

Reactant Utilisation Effects 


High reactant utilisation in a fuel cell results in increased concentration 
polarisation, %diich reduces efficiency. Decreasing reactant utilisation or 
inlet concentration, however, results in decreased cell perfonsance because of 
increased concentration polarisation (diffusion) and Nernst losses. To achieve 
high system efficienies the reactant must be utilised, either in the fuel cell 
or elsewhere in the system. For example, in a complete fuel cell system, anode 
exhaust containing unreacted hydrogen is often burned to supply heat to the 
fuel processor. Present utilisations are on the order of 70 percent oxidant 
and 85 percent fuel. 

^£djint_ 

At a constant cathode potential the current varies linearly with oxygen 
partial pressure. Data on the gains associated with using oxygen at the 
cathode instead of air are contained in Figs. 1.1. 1.1*7 and 1.1.1 !*H. The data in 
these figures are represented by: 



103 log 




(1.1. 1.1-5) 


where (? 02^1 ^^ 02^2 average oxygen partial pressures the cathode. 


Fuel 


Because the phosphoric acid fuel cell anode reaction is essentially rever* 
sible, the effects of fuel composition and utilisation arc less critical to 
cell performance. The available data concerning the effects of fuel composition 
are more difficult to interpret because of the poisoning effect of carbon 
monoxide, which is contained in virtually all gaseous fuel cell feeds derived 
from hydrocarbon (liquid or coal) feedstocks. The cell performance change with 
respect to hydrogen partial pressure is derived from the data in fig. 1.1. 1.1*9. 
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The hydrgoen partial pressures are average values at the anode. 
Reactant Utilisation 


The effect of reactant utilisation on a fuel cell is shown in Fig. 1.1.1. 1*^9 
There is a definite increase in cell voltage resulting from high oxidant utilisa- 
tion %ihile the level of fuel utilisation has little effect on fuel cell voltage. 
This data resulted from a test to evaluate a possible approach to achieve high 
utilisation without incurring increased concentration polarisation. 

Reactant Composition Effects 

The ever widening selection of hydrocarbon fuel processing techniques have 
presented the fuel cell with a vide range of fuels from which hydrogen can be 
obtained. Knowledge of the various compounds especially the carbon, sulfur, and 
nitrogen compounds which could effect the fuel cells is important. 

£a rb on_Com£o^nd s 

Anode feeds derived from hydrocarbons will contain varying amounts of 
methane, carbon dioxide, and carbon monoxide depending upon the fuel processing 
techniques used. Both methane and carbon dioxide are inert in the phosphoric 
acid fuel cell acting as a diluent. Carbon monoxide, however, will poison the 
platinum catalyst. Consequently, the level of CO in the fuel gas must be 
controlled. It is possible to mitigate somewhat the effect of CO on the anode 
by increasing the cell temperature (Fig. 1.1.1.1-10). Although relatively 
minor temperature increases will extend the acceptable CO level significantly, 
the reverse is also true, a minor temperature decrease in an operating cell 
could quickly lead to anode poisoning. 

The low CO levels necessary for the operation of the acid fuel cell can be 
achieved by conventional water-gas shift technology. Utilizing two beds 
operated at 315-485 C and 175-350 C, respectively, the CO levels can be reduced 
to 0.05-0.5 percent. With recent developments in sulfur-tolerant shift catalysts 
these low concentrations can also be achieved in the presence of U 2 S. 

Advanced fuel processors operating on sulfur-containing fuels will produce 
U 2 S that will enter the anode if not first removed. Testing of a fuel cell 
running on fuel gas containing 130 to 200 ppm U 2 S was characterized by long 
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FIG. 1.1.1.1-10 
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periods cf stable operation followed by rapid decay. The original performance 
could be restored by removing either CO or H 2 S fron the anode gas, indicating 
a synergistic effect, or by increasing the cell temperature from 375 to 400 F. 

The mechanism of H 2 S-CO poisoning is not well understood. Post'test analysis 
of electrodes from shorter term cells showed no observable changes attributable 
to exposure to H 2 S containing anode gas. Work to broaden the understanding 
of the C 0 '-H 2 S interaction in the phosfAioric acid fuel cell is continuing. 

While the technology for H 2 S removal is commercially available, the 
necessity to remove large amounts of H 2 S may cause considerable logistic 
problems or unrealistic system complexity, particularly with small dispersed 
power stations. 

Nii^rog£n_COT£o^n^s 

Nitrogen will be present at the cathode of an air~consuming fuel cell, 
and nitrogen-containing hydrocarbon feedstocks will introduce nitrogen compounds 
(NH^, HCN, NOj^) into the anode. In addition, nitrogen compounds can result 
if nitrogen-free hydrocarbons are processed with air such as in autothermal 
reforming or coal gasification. The nitrogen in this case will be primarily 
molecular nitrogen, tdiich acts as a diluent. Data on the interaction of 
nitrogen compounds other than ammonia have not been found in the literature. 

Ammonia reacts with the phosphoric acid electrolyte to form ammonium 
dihydrogen phosphate (ADHP) according to: 

H 3 PO 4 ♦ NH 3 ♦ (HH 4 ) H 2 PO 4 (1.1. 1.1-7) 

The formation of the AOHP results in a performance loss, possibly by changing the 
conductivity of the acid or by reducing the activity of the platinum by covering 
the active sites. 


^ummar£ 


Data for other possible impurities have not been reported but estimates of 
maximum allowable levels are summarized in Table 1.1. 1.1-1. 


Fuel Processor and Power Conditioner 


The fuel processor and the power conditioner are the two other subsystems 
beside the fuel cell power subsystem which comprise a fuel cell power generation 
system. 

Fu£l Processor 

A number of studies have indicated fuel cell systems could operate efficiently 
with the potential coal-derived fuels. The principal effect of utilizing different 
products will be on the amount and complexity of fuel processing equipment required. 
This is illustrated in Table 1.1. 1.1-2. 
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TABLE 1.1. 1.1-1 


ESTIMATED MAXIMUM ALLOWABLE IMPURITY 
PHOSPHORIC ACID FUEL CELLS 

LEVELS 

Impurity 

Maximum Limit 

CM 

8 

diluent 

CH^ 

diluent 


diluent 

CO 

Figure 1.1.1.1-10 

HjS, COS 

100 ppm 

Cj* 

100 ppm 

cr 

< 1 ppm 

NH3 

< 1 ppm 

Metal ions (Fe, Cu, etc.) 

nil 
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TABLE 1.1. 1.1-2 


FUEL PROCESSING EQUIPMENT REQUIREMENTS FOR DIFFERENT GOAL PRODUCTS 
IN PHOSPHORIC ACID POWERPLANTS 


Fuel Processing Equipment 

Coal Shift Water Water Steam 

Product Reformer Converters Recovery Conditioning Generation 


High Btu Gas 
(SNG) 

B"^ 

Ft^ 


1000 


X X 


X 


X 


Medium Btu gas 


(Hj; CO) 

325 5iy. 

B»p3 


X X 


X 


X 


Medium Btu Gas 


(H2> 

325 


BTU 

Ft^ 


Liquid Product 
(Naphtha or 
Methyl Fuel) 


X 


X 


X 


X 
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Alternatives to the steam reforming are being investigated to achieve the 
capability of processing fuels containing substantial levels of sulfur and 
unsaturated hydrocarbons. Emphasis is being placed on operation at higher 
temperature to achieve near complete fuel conversion over suitable catalysts. 

Potrer Conditioner 

The power conditioning subsystem converts the dc current from the fuel cell 
stacks to alternating current and controls its flow into the utility network. 
This function is accomplished through the use of solid state inverters. The ac 
voltage output from the inverters is stepped up through transformers to the de- 
sired level for utility distribution. Elimination of the power conditioning 
equipment will result in a dc voltage output which varies from a maximum value 
at low loads to approximately 73 percent of this voltage at rated power. 

The power conditioner now available appears to be satisfactory for current 
fuel cells and more advanced cells. 

1.1. 1.2 Molten Carbonate Fuel Cell Power Systems 

State-of-the-art molten carbonate cells operate at 630 to 700 C and up to 
10 atmospheres. The cell voltage is 0.7 to 0.9 volts/cell at 100 to 130 amps/ 
ft^. The present molten carbonate fuel cell technology is at least five 
years behind the phosphoric acid fuel cell technology. A fuel cell power system 
utilizing a molten carbonate fuel cell could be 43 to 30 percent efficient. It 
is too early in the development of the molten carbonate fuel cell to accurately 
predict the final cost for the power system. 

The endurance of molten carbonate fuel cells is still under investigation 
with small-scale cells logging more than 1U,U00 hours. To date the benchmarks 
in molten carbonate development have included thermal cycling of a 20-cell stack 
with 12" X 12" cells and 1000 hours of operation of a 10" x 10" cell. 

Principles of Operation 

In the molten carbonate cell (see Fig. 1.1. 1.2-1) the electrolyte is a mix- 
ture of alkali metal carbonates (a molten ionic conductor at the cell operating 
temperatures of 600 to 700 C) and ceramic particulates that retain the liquid. 
Fuel enters the anode, and the H 2 reacts* at the anode/electrolyte interface 
according to: 





**2 ^°3* -►M 2 O ♦ OO 2 ♦ 2e" (1.1. 1.2-1) 


* Carbon monoxide in the fuel can also be oxidized, but a more favorable reaction 
for the conversion of CO is via conversion :o hydrogen by the shift reaction, 

CO * H 2 O -» C0|^ * U 2 . The hydrogen formed is then consumed according to 

1 . 1 . 1 . 2 - 1 . 


1.1-21 




FIG. 1.1.1.2-1 


i ; 

’ * ■-* ”2° ^ 

. I 

I2 ♦ 1/2 O2 ^ 2e CO3 

i! 

,*1/2 02=H20 . 



EN CARBONATE FUEL CELL 
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The produce H2O and OO2 diffuse out of the electrode. At the cathode >the 
following reaction takes place: 

CO2 ♦ 1/2 ©2 ♦ 2e“ * CO3" (1.1. 1.2-2) 

Note that C©2 is fomed at the anode and consuaied at the cathode. For an 
efficient aolten carbonate fuel cell system, the CO2 in the anode effluent 
must be recycled back to the cathode. This could be accomplished by catalytic 
combustion of the anode effluent to CO2 and H2O plus N2 in the coi^ustion 
air), followed by mixing with air to produce the cathode feed. 

Cell Components 

A schematic of one repeating element in a stack of molten carbonate fuel 
cells is shown in Fig. 1.1. 1.2-2. Tne electrolyte tile is held in place 
between the two stainless-steel cell housings that form the anode and cathode 
cavities. The holding force maintains low*resistance contacts between the 
electrodes and the stainless steel current collectors and causes the housings 
to bite into the electrolyte tile, forming a wet-seal that prevents leakage of 
fuel from the anode chamber and oxidant from the cathode chamber. In a stack 
of several cells (series connection) the cull separator must be able to withstand 
both the high-humidity reducing environment of the anode and the oxidizing 
environment of the cathode. 

Carbon dioxide and oxygen diffuse from the bulk gas through the pores of 
the cathode to a reaction site at the electrode/electrolyte interface. The 
cathode is 70 percent to 80 percent porous NiO with a mean pore size of about 
10 iim, formed by Che oxidation of sintered nickel at operating temperatures. 

The CO3 is conducted through the liquid electrolyte (a mixture of alkali 
carbonates 62 or 50 mole-percent Li2C©3 and balance K2CO3) molten at cell 
operating temperatures. The electrolyte is held in place by inert LiAl©2 
particles to form the electrolyte tile (40-weight percent inert, 60-weight 
percent electrolyte). Because iR loss is a function of tile thickness, tiles 
are kept as thin as possible, 1.0 to 2.5 mm in current cells. The carbonate 
ions react at the anode/electrolyte interface. The anode is sintered nickel 
about 60 percent to 70 percent porous with a 5 pm mean pore size. The product 
H2O and (X>2 diffuse out of the cell through the porous anode into the gas 
stream. 

One of the major goals of current molten carbonate programs is to fabricate 
cell stacks containing a large number of cells of sufficient size to produce 
a significant power level. One of the most notable achievements in molten 
carbonate fuel cell development has been the extension of current density by a 
factor of four yet maintaining a promising level of cell endurance. Other 
improvements are: 1) electrolyte change to the current Li2C03/K2C03 

alkali carbonate eutectic tihich increased initial cell performance; 2) the 
anode structure was stablized by adding sintering inhibitor to the nickel, and 
3) the use of thinner electrolyte tiles reducing iR losses. 




R81-955H3-9 


Cgntrtl Perfonmncg Comideratiom 

For a coll oporocing on rofomed natural gat fuel at 75~porcont total H2 
utilisation and on an oxidant mixture of 70>pereant air and 30*porcont CO2 
utilisation, at 200 mA/cm^, loaaea arc approxisMtcly 68 mV ohmic and 260 mV 
polarisation with anode polarisation losses being greater than those at the 
cathode. Of course, these losses depend on the fuel cell operating variables. 
Consequently, for the purposes of ttiis discussion, molten carbonate fuel cell 
performance at atmospheric pressure and 650 C, using a cell operating on 
simulated refonsed methane fuel (the composition is 60 mol X H2 10 awl X 00, 

7.4 awl X OO2, and 22.6 awl X H2O) at low utilisation and on an oxidant 
consisting of 67-mole percent CO2 and 33-mole percent O2 at low utilisation, 
will be considered as baseline. The electrolyte tile composition is 40-weight 
percent inert LIA102 particles to provide structural integrity and 60-weight 
percent binery eutectic mixture of Li2C03 and K2CO3 as the electrolyte. 

The baseline performance is shown in Fig. 1.1. 1.2-3. 

Temperature Effects 

As the molten carbonate fuel cell operating temperature is increased 
through its range of 600 to 700 C, hydrogen is consumed for a gas in water 
gas shift equilibrium. Because standard cell potential also decreases with 
increasing temperature, the open-circuit potential decreases as temperature 
increases: However, ohmic, activation, and concentration polarisations all 

decrease, more than offsetting the decrease in the open-circuit potential. The 
net result is an increase in cell performance with the anode being only slightly 
affected by changes in cell temperature. 

A plot illustrating the potential voltage gains is provided in Fig. 

1.1. 1.2-4. There is a discontinuity in the curve at 650 C with a diminishing 
gain in performance at temperatures greater than 650 C. This diminishing gain 
coupled with increased electrolyte loss resulting from evaporation and increased 
component corrosion, point to an optimum operating temperature of 650 C for 
molten carbonate fuel cells with an electrolyte tile composed of 40-percent 
LiA102, 28-percent K2CO3, and 32-percent LiCO^ by weight. 

Pressure Effects 


Cell performance increases with pressure because of increased reactant 
partial pressures, increased reactant solubilities, and increased mass transport 
rates. Higher pressures tend to favor carbon formation and consumption of CO 
and H2 fuel. The addition of water controls carbon formation, because 
it reduces the amount of CO and methanation. However, strict pressure control 
is required to prevent reactant leakage through the electrolyte and seals, to 
provide compatibility with the fuel processor, and to inhibit the possible 
corrosion of cell components at the higher pressure which swlten carbonate fuel 
cells are expected to operate (1 and 10 atmospheres). 
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FIG. 1.1.U-3 
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FIG, 1.1.1,2-4 



EFFECT OF TEMFERATURE ON MOLTEN CARBONATE FUEL CELL PERFORMANCE 

1 Atm, 200 mA/CM? 70 Mol % AIR/30 Mol % COj OXIDANT 
AT SO % UTIL12ATION ,76 % FUEL UTILIZATION 
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The effect of cell pressure on cell perfonssnce is displsyed in Pig. 
1.1. 1.2-5. For the product gas of an air-blown, low-Btu coal gasifier, the 
relationship between changes in cell perfomance and operating pressure in 
atmospheres is: 


AVp(mV) 


70 log -i 
^1 


(1.1. 1.2-3) 


and for reformed methane j it is 


4V_(mV) = 83 log 

^ Pi 


(1.1. 1.2-4) 


Because these two cases represent a wide range of gas composition, other fuels 
should obey the average relationship: 


AVp(mV) 


76.5 log -i 

Pi 


(1.1. 1.2-5) 


Reactant Utilization Effects 


The effect of reactant utilization on molten carbonate fuel cell performance 
is difficult to analyze because of the participation of CO at the anode via the 
water-gas shift reaction and because of consumption of CO 2 and O 2 at the 
cathode. 

0x^d£n^ 

According to the Nernst equation, (see Appendix A.l) performance should be 
related to oxidant (CO 2 and O 2 ) partial pressure. However, at low oxidant 
partial pressure (high utilization), the gains are caused by diminishing mass 
transfer effects in addition to the Nernst gains. As the partial pressure 
increases, mass transfer effects become negligible and the gains become governed 
by Nernst effects. 

Fuel 


The performance related to the fuel partial pressure is directly related 
to the Nernst equation. 
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FIG. U.1.2-S 




EFFECT OF PRESSURE ON MOLTEN CARBONATE FUEL CELL PERFORMANCE 
660° C. 160 mA/CM^, 70 Mol % AIR/30 % Mol CO 2 OXIDANT 
AT 50 % UTILIZATION'S % FUEL UTILIZATION 
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te£C^antJUtlU£a^i£n 

The data of Fig. 1.1. 1.2-6 is representative of data published on reactant 
utilization. The data indicate that increasing oxidant utilisation (decreasing 
oxidant partial pressure) causes less cell potential loss than increases in 
fuel utilisation. Once again a compramise is required, because operating at 
low fuel utilization increases cell performance but decreases the current 
efficiency. Current molten carbonate fuel cells commonly run at 75 to 85-percent 
fuel utilization and 50-percent oxidant utilization. 

Reactant Composition Effects 


The question of molten carbonate fuel cell tolerance to coal-derived con- 
taminants is inherently complex. One problem is that the identity and concentra- 
tion of expected contaminants is highly variable and depends upon the particular 
coal sample and its pretreatment. Further, even when well defined "synthetic" 
contaminants are to be evaluated — the effect on the fuel cell may be dependent 
upon the concentrations of other components in the fuel or oxidant, the. degree 
of fuel/oxidant utilization, the cell voltage, and the cell current density. 
Finally, experiments with low contaminant concentrations are difficult to carry 
out and evaluate conclusively. 

Many discussions have centered on integrating the molten carbonate fuel 
cell with advanced fuel processors because of its tolerance to CO at the anode 
and CO 2 at the cathode. Other compounds likely to be present in the effluent 
of advanced fuel processors include MU^, NO^, SO^, H 2 S and COS. 

Carbon_Com£oun^s 

Solid carbon can form in the cell or in system plumbing. The addition of 
water prevens carbon deposition by reducing CO concentrations through the 
water-gas shift reaction. Carbon dioxide present in the anode feed and produced 
at the anode acts only as a diluent, reducing the hydrogen partial pressure. 

In fact, a small amount of CO 2 is required to maintain the LiC 03 /K 2 C 03 
electrolyte composition. Of course, CO 2 is required at the cathode. Although 
carbon monoxide dilutes the hydrogen, it is also consumed indirectly through 
the water-gas shift reaction. 

Methane at the anode can be reformed to hydrogen by adding sufficient water 
to the fuel gas. If the methane is not reformed, fuel cell efficiency will de- 
crease; energy in the methane must be recovered elsewhere in the system to main- 
tain the total system efficiency. 
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FIG. 1.1.1.2-6 



OXIDANT UTILIZATION, % 


EFFECT OF REACTANT UTILIZATION ON MOLTEN CARBONATE FUEL CELL PERFORMANCE 


1 Atm, 650OC.160 mA/CM^, 70 Mol % AIR/30 Mol % CO 2 OXIDANT. 
SIMULATED REFORMED METHANE FUEL 
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^u^f^r_Cop£0£n£s 

Sulfur initially reaches the cathode in the form of SO2 and SO^. Sulfur 
entering the cathode will tend to form SO^* ions in the electrolyte. These 
ions will be transported through the electrolyte along with the predominant 
COj* ions, reacting at the anode to form additional H2S and COS. Thus a 
concentration of sulfur will take place in the cell, reaching some steady state 
distribution along the cell with the highest sulfur levels at the anode outlet 
and cathode inlet. 

The presence of sulfur in the cell creates several caverns. A first con- 
cern would be what effects the sulfur will have on the anode where the sulfur, 
as predominately H2S, can sulfidize the nickel electrode, poison the surface 
of the catalyst by chemisorption, or create a mixed potential by entering into 
an electron exchange reaction. A second concern is the effect of sulfur on the 
cathode compartment, where as SO2 or SO3 it might cause sulfidation of the 
electrode. A third concern is the effect of sulfur in the electrolyte where it 
can affect the transport of the CO3* ions, alter the chemistry of the 
LiA102 support material within the electrolyte matrix (tile), and form 
sulfides, sulfites and sulfates. A final concern is the effect of sulfur on 
corrosion of cell hardware and system plumbing. 

^i^rog£n_COT£Oun^s 

Molecular nitrogen at the anode or cathode acts as diluent. The presence 
of NH3 and is also expected at both anode and cathode, but no data on the 
effect of these impurities on cell performance are available, although the 
K2C03/Li2C03/Na2C03 eutectic is known to absorb NO. 

£hljc)jrine_Com£0£n^s 

Like sulfur, chlorine compounds are anticipated in a coal-derived fuel gas. 
Recent short-term data indicate that anode performance is only slightly affected 
after 400 hours on a fuel gas containing 100 ppm HCl, but cathode performance 
is catastrophical ly affected by 100 ppm HCl in the oxidant gas. Stable cathode 
performance with 10 ppm HCl has been demonstrated for 120 hours. Although long- 
term trends have not been established, it appears that the decay results from 
both hardware corrosion and chlorination of the electrolyte. 

^ummar£ 

A summary of the estimates for maximum allowable contamination limits is 
displayed in Table 1.1. 1.2-1. 
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TAbLE l.l. 1.2-1 

ESTIMATED MAXIMUM ALLOWABU IMPURITY LEVELS 
MOLTEN CARBONATE FUEL CELLS 


Impurity 

Maximum Limit 

CO 2 

diluent 

CH4 

diluent /fuel 

CO 

fuel 


diluent 

H 2 S, SO 2 , COS 

< 1 ppm 

C2^ 

unkno%m 

HCl (anode) 

100 ppm 

HCl (cathode) 

10 ppm 

NH 3 ID NO^ 

unknown 

Metal ions (Fe, Cu, etc.) 

unknown 
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1.1.2 Future Fuel Cell Development 

The course of future fuel cell development has already been charted. Its 
milestones will be the successful achievement of the goals and the solving of the 
problems identified in current fuel cell programs. The following section will 
provide an identification of some of the major fuel cell investigations and an 
indication of the program objectives associated with the development of phos* 
phoric acid or molten carbonate fuel cells. In addition a scenario of projected 
fuel cell developotent will be furnished. The sources for the data provided 
herein are presented in the accompanying Bibliography (Section 1.1.3). 

1.1. 2.1 Fuel Cell Programs 

The major participants in the fuel cell program for electric utilities are 
EPRI (Electric Power Research Institute), DOE (Department of Energy), ANL 
(Argonne National Laboratory), TVA (Tennessee Valley Authority), UTC (United 
Technologies Corporation), GE (General Electric), IGT (Institute of Gas Tech- 
nology), Westinghouse, and ERC (Energy Research Corporation). 

EPRI Program 

EPRI as the electric utility centralized research coordinating organization 
quite legitioiately is playing a major role in fuel cell development. Not only 
does EPRI sponsor fuel cell programs but also assists in coordinating and 
guiding utility fuel cell research and development. 

DOE/ANL Program 

ANL has been assigned as technical manager of the DOE advanced fuel cell 
program, especially those utilizing carbonate as the electrolyte. 

TVA Program 

TVA is engaged in evaluating the feasibility of using coal-derived fuel gas 
as a fuel cell fuel. This evaluation will be carried out in part by actually 
operating a phosphoric acid fuel cell on coal-derived fuel gas. 

UTC Progra m 

UTC is working toward commercializing phosphoric acid fuel cell power plants. 
This activity includes, among others, participating with EPRI and DOE in the 4.8-HW 
demonstrator in New York City (see Appendix C.l), evaluation of manufacturing 
techniques to reduce phosphoric acid fuel cell fabrication costs, investigation 
of phosphoric acid technology to improve performance and increase lifetiise, and 
development of molten carbonate fuel cells. 
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IGT Program 

IGT is investigating the molten carbonate cell and its utilisation with 
gasified coal. 

GE Program 

GE is active in molten carbonate cell investigation. Of special interest 
is the technical and economic problems of developing fuel assemblies and stacks. 
In conjunction with IGT, GE is evaluating cell lifetime. 

Westinghouse Program 

Westinghouse is currently involved in the investigation of a unique fuel 
cell cooling concept called DIGAS. This approach to stack cooling has the 
potential of improving performance while at the same time increasing endurance. 

EEC Program 

EEC has been active in phosphoric acid fuel cell development. They have 
teamed with Westinghouse and DOE to evaluate a 120**kw on~site fuel cell which 
will provide for electric power and thermal energy. 

1.1. 2. 2 Program Objectives 

Because of the different state of development of the phosphoric acid and 
molten carbonate fuel cells, the program goals differ and will be treated 
separately. 

Phosphoric Acid 

Although the phosphoric acid fuel cell system is on the verge of large-scale 
demonstration, a number of areas for possible improvement are still receiving 
attention. For example: 

1. The platinum catalyst is expensive and suffers a reduction in surface 
area and performance due to sintering. The CO-poisoning problem 
mentioned earlier has been some%ihat mitigated by operation at higher 
Temperatures, however, increasing the temperature also increases the 
sintering. 00-tolerant catalysts such as mixtures of Pt, Eh and WO^ 
have also been used. 

2. Electrolyte is lost because of evaporation. This problem can be alle- 
viated by incorporation of an electrolyte reservoir in the cell. 

However, this reservoir can increase concentration polarization in the 
cell, and the evaporated acid condenses drwnstream of the cell, creating 
corrosion problems. 
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3. The nost difficult challenge concerns the irreversibility (severe 
activation polarisation) and lack of understanding of the reduction 
of oxygen at the cathode. This area also offers considerable oppor* 
tunity for improvement of the phosphoric acid fuel cell performance. 

In addition to continued effort in the above areas it also necessary to 
continue development of the fuel cell system so as to meet the following cost 
and endurance goals for a corasercially acceptable power plant: 

1. Implementation of an improved cell stack concept which is necessary to 
reduce cell stack manufacturing costs and to provide sufficient elec" 
trolyte capacity for 40,000 hours of operation. 

2. Incorporation of more corrosion resistant and stable materials and 
supported electrocatalysts in the fuel cell which are necessary to 
meet performance and life goals (9300 Btu/kWh heat rate for 40,000 
hours). 

3. Increasing cell operation pressure (to approximately 100 psia) and 
temperature (by approximately 30^F) to substantially improve power 
plant performance and reduce cost. 

Accomplishment of these goals will produce an evolutionary improvement in 
technology. An example of such an improvement is sho%m in Fig. 1.1. 2. 2-1. The 
effect of a moderate increase in temperature and an increase in pressure has 
produced an improvement in performance as compared to the 4.8-MW deisonstrator 
plant . 

As a result of this evolutionary advance of technology it is anticipated 
that a phosphoric acid fuel cell, a decade hence, will not be unlike the current 
fuel cell. 

Molten Carbonate 


Although molten carbonate fuel cell technology has made impressive advances 
in the last decade, a number of questions concerning cell performance and life 
remain: 

1. The sulfur and chlorine tolerance of the cell is only a few parts 
per million; the tolerance to other impurities has not been defined. 

2. Electrolyte losses result in decreases in electrolyte tile strength 
and bubble pressure, increased tile porosity, and diffusion of 
reactants across the tile causing decreases in cell voltage and 


100 


MO 
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efficiency. A partial solution to the evaporation problem is the 
incorporation of a reservoir with enough electrolyte to achieve the 
design life of 40,000 hours. The electrolyte nay not be evenly distri- 
buted, however, and redistribution can cause perfomance loss. In 
addition, new tile and electrode structures and naterials chat inhibit 
carbonate evaporation are being sought. 

3. Electrolyte creepsge and corrosion result in failure of the wet-seal 
and leakage of reactants out of the cell. The wet-seal is now protected 
by aluminizing although it is uncertain whether this approach will be 
effective for 40,000 hours. 

4. Effects of structural changes in the electrolyte support (LiA102) on 
cell performance have not been defined. 

5. Cost-effective cell components (tile, electrodes, and hardware) and man- 
ufacturing techniques must be identified. 

6. Transfer of the CO 2 from the anode to the cathode is desirable with 
physical separation of the CO 2 from the rest of the anode exhaust 
preferred. To date studies on the approach to achieving this are in- 
complete. 

Programs are underway addressing these development areas. DOE in its program 
anticipates development of the molten carbonate fuel cell power plants to a point 
where 1) operation of a prototype fuel cell stack with simulated coal-derived fuel 
gas is possible by 1982; 2) operation of a prototype stack occurs in 1983; and 
3) operation of an integrated multi-MW test facility is accomplished by mid-1983. 

Other goals for the molten carbonate fuel cell include: 1) a power density 

of 135 olW/cm^ of active cell area using low-Btu coal-derived gas at a cell 
voltage of 0.85 volts and 75-percent utilization; 2) an operating time between 
major overhauls of 40,000 hours; 3) removal of the contaminant H 2 S down to the 
1-10 ppm level; and 4) development of practical cell stack fabrication techniques. 

Attainment of these goals will contiunue the impressive advance of molten 
carbonate fuel cell technology during the last decade which has seen almost a 
quadrupling of current density (Fig. 1.1. 2.2-2) with potentially long lifetiises. 

1.1. 2. 3 Fuel Cell Development Scenario 

One possible scenario of future fuel cell development has been advanced by 
EPRI (Fig. 1.1.2. 3-1). This timetable takes into account the current work being 
done on both the phosphoric acid and molten carbonate cell. Several assumptions 
were made in developing the timetable. One of the most important is that it ia 
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astuaed chat funding fron the Federal govemewnt ie forthconing for the conearcial 
prototype definition and coamercial feasibility phases. Another equally iaportant 
assuaption is that a market will exit for the fuel cell. These two assumptions 
deserve further elaboration. 

The first fuel cell power plants off tlie assembly line will not meet the 
goal of $3S0/kW, the*; can be offered at that price only after sons 500**1500 
MU worth have been aass-produced in a factory. More likely the first unit 
will cost about $lS00/kW, with the cost of subsequent units decreasing by about 
ISX for each doubling of quantity, following a typical product learning curve 
The eighth unit, for instance, should therefore cost $920/kW. However, the 
worth of these units to an electric utility will be somewhere between $330 and 
$600/kW, depending on such factors as how severely a utility's siting options 
are restricted. 

Even in the best of times, it is unlikely a utility would invest $lS00/kW for 
the first unit of an as yet immature technology. Nor are manufacturers likely 
to underwrite the 1500-MW learning curve. Consequently, in the EPRI scenario it 
is necessary for the federal governisent to assist the private sector in the 
commercialization process. Failure to do so could delay the timetable milestones 
to an unspecified later date. 
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2.1 Description of Advanced Fuel Cell Power Systems 

The two primary types of fuel cell discussed in Task 1 are the phosphoric acid 
and molten carbonate cells. Their relative performance and development status is 
shown in Fig. 2.1-1 in which the overall thermal efficiency of a number of inte- 
grated coal gasifier/fuel cell power plants are plotted as a function of the applica- 
tion time frame. As shown* it is possible to achieve efficiencies greater than 40 
percent for systems integrating a coal gasifier with near-term phosphoric acid 
electrolyte fuel cells. In these* a gas turbine bottoming cycle was Incorporated 
to recover power from the fuel cell exhaust. Systems studies with molten carbonate 
cells indicated potential efficiencies in the range of 45 to 60 percent depending on 
the degree of system integration, the type of bottoming cycle selected for waste heat 
recovery, and the technology assumed for the coal gasifier and the fuel cell. 

The higher power plant efficiencies of molten carbonate systems result because 
at reasonable power densities, these cells offer higher efficiency than the near- 
term phosphoric acid cell. Higher cell performance results from reduced activation 
polarization at high temperature. In addition, since molten carbonate cells operate 
at high temperature, they derive increased benefit from integration with the bottoming 
cycle. 

In this section, the characteristics of each type will be reviewed briefly, the 
potential system configurations and optimum operating conditions reviewed, and the 
resulting candidate systems described. 

2.1.1 Operational Characteristics 

Probably the most significant characteristic of a fuel cell is the potential 
that can be developed across the cell and the reduction in that potential with in- 
creasing current density. For good efficiency a high cell potential is desired, 
while for minimum capital cost high current density, hence reduced potential is 
needed. Other characteristics that are important to system performance and economics 
are such things as fuel utilization, air utilization, temperature gradient and pres- 
sure drop of the cooling gas. Because all of these require optimization on a system 
level* they are discussed fully in Section 2.1.2 and only the basic cell characteris- 
tics are presented here. 

2. 1.1.1 Phosphoric Acid Cell Characteristics 

The acid cell is typified by the 4.8-MW demonstration plant which is intended to 
expedite the introduction and acceptance of fuel cells for use as dispersed generators. 
This 4.8-MW unit is currently being installed at a Consolidated Edison Co. site in Mew 
York City. While it is generally believed that the performance of that system is typ- 
ical of future acid cell units* advanced development work is aimed at reducing the 
manufacturing cost and improving the durability of the cells to make them com^'^etitive 
with other generation methods. That work is being sponsored by Miagra Mohawk North- 
east Utilities, TVA, EPRI and DOE (Ref. 2.1-1). 
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For the acid cell. Fig. 2. 1.1. 1-1 compares the development cell voltage vs current 
density for two different operating conditions. It also shows the initial pro- 
jected performance which correlates closely with the test data. 

The cell performance decay characteristics were evaluated at both the estimated 
rated-power level and the estimated minimum-power level of a power plant. The 
rated-power level was 232 ASF, 93 psla, A05“F with a cell potential of 0.65 V to 
0.70 V. The minimum-power level was at 93 psia, 405°F and a current density that 
resulted In 0.79 volts per cell average. This minimum-power level condition, which 
is an overstress condition on the components' electrochemical stability, was found 
to cause a greater decay rate than when operating at rated-power conditions. The 
performance diagnostic testing Indicates that this greater decay rate is due to 
both a loss in cathode catalyst activity and an increase in cathode diffusion losses. 
Figure 2. 1.1. 1-2 shows the cell performance history and the decay rates experienced in 
a development stack. Advanced cathode catalyst development activities in small 
cell tests have identified candidate cathode catalysts which demonstrate lower 
performance decay rates than the GSA-6 cathode catalyst shown in Fig. 2.1.1.1~2. 

The compatibility of acid fuel cell stacks with operation on medium-Btu gaseous 
fuels is presented in Fig. 2.1. 1.1-3. This data provides design analysis Information 
useful for the evaluation of typical fuels available from coal gasification and the 
impact that such fuel compositions will have on power plant operation. 

Another important cell characteristic is fuel and air utilization. Typical 
curves of reactant and air utilization have been shown in the previous section for 
both one- and two-pass air flow. Fuel utilization in the mid to high 80 percent 
range appears feasible. The FCG-1 demonstration unit has a target of 83 percent 
fuel utilization. 

Of particular importance to the Integration of the cell with a gasified coal 
fuel supply system is the tolerance of the cell to impurities in the hydrogen feed. 
Carbon monoxide, which is a major product of most gasification processes, acts as a 
poison to the platinum catalyst. The mechanism is believed to be that of a simple 
site-elimination and results in decreased activity at the anode. The effect on 
performance is shown in Fig. 2. 1.1. 1-4 (Ref. 2.1-2). Also shown is the beneficial 
effect of increased temperature in improving the cell tolerance to CO. It is clear 
that a relatively efficient shift conversion from CO to H 2 will be required not only 
to Improve fuel utilization, but to avoid cell degradation. 

Other carbon compounds, COj and CH^, common in gasifier off-gas streams, are 
reported not to be harmful and act only as a diluent. However, as with CO, the 
methane does represent a performance loss due to incomplete fuel utilization and 
if present in significant amounts would warrant special consideration. 

The effect of sulfur compounds (H 2 S and COS) on the cell is not well defined. 

The current approach for fuels containing more than .05 ppm sulfur is to cata- 
lytlcally hydrogenate the fuel, forming H 2 S followed by absorption of the H 2 S in 
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a bed of zinc oxide. As a result » there is virtually no sulfur in the feed and 
the catalysts in the fuel processing units and in the cell are not exposed to any 
significant amount of sulfur* 

Subscale two-inch by two-inch cell tests have been carried out at UTC (Ref. 
2.1-3) to determine the long term tolerance of phosphoric acid cells to the 
presence of H 2 S in the fuel. One test cell was run for more than 2400 hours with 
130 to 200 ppm H 2 S added to the fuel. It shoved long periods (900 hours) of stable 
operation followed by rapid performance decay. Performance could be restored by 
removal of CO from the fuel, removal of H 2 S from the fuel, or by raising the cell 
temperature to 400 F. 

The results of that testing are: 

1. The long term tolerance of acid cells to HoS in the fuel is not totally 
defined although over 2400 hours of operation on H 2 S containing fuel has 
been demonstrated in a 2-inch x 2-inch cell. 

2* The cell operated for periods up to 900 hours with 130-200 ppm H 2 S in 
simulated reformer effluent with no decay* 

3. Stable operation was followed by abrupt decay. 

4. Post-test analyses of catalyst from a cell tested with H 2 S added to the fuel 
showed no Identifiable changes resulting from exposure to H 2 S. 

Ammonia is a common constituent of the gasifier off-gas. It reacts with the 
phosphoric acid electrolyte to form (NH^) H2P0^, ammonium dihydrogen phosphate (ADHP) . 
The formation of the ADHP results in a performance loss, possibly by changing the 
conductivity of the acid or by reducing the activity of the platinuL by covering the 
active sites. Electrolyte conversion must be limited to less than about 0.2 mole 
percent to avoid unacceptable performance penalties. Diagnostic data on the cells 
tested indicate that most of the performance loss occurs at the cathode. Approxi- 
mately 84 percent of the cathode activity is lost by conversion of only 1 percent 
of the acid to ADHP. 

While the consequences of ammonia in the fuel gas appear severe, the resultant 
performance degradation is not irreversible. Long term tests have shown that the 
ADHP levels reach a constant value much lower than would be predicted by inlet 
ammonia concentrations. This, plus the fact that performance is restored when 
amnonia is removed from the feed, led to the hypothesis that the ammonium ion is 
oxidized at cell operating conditions. This has been confirmed by measurement of 
the current associated with the oxidation (Ref. 2.1-4). 

In the design of a power system, each of the above characteristics must be con- 
sidered and the optimum chosen on the basis of not only performance, but other im- 
portant factors such as reliability and cost. 
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2.1. 1.2 Molten Carbonate Cell Characteristica 

A number of development programs are currently in progress or have already 
been reported on in the development of molten carbonate cell technology (Refs. 2.1-3 
through 2.1-11). The questions concerning cell performance and cell life that re- 
main to be investigated are summarized in Ref. 2.1-12. 

These problem areas include loss of electrolyte, failure of the wet seal with 
reactant leakage, effect of structural changes on performance, cost-effective manu- 
facturing techniques and tolerance to impurities such as sulfur and chlorine. The 
last of these is an important factor in the integration of the fuel cell with a 
coal gasification and fuel gas cleanup system. While the tolerance to these im- 
purities has not been fully defined, present studies are based on the premise that 
sulfur removal must be down to a level of less than 1 ppm. In general, this is 
most economically achieved by a combination of a regenerable removal system followed 
by a zinc oxide bed. 

The basic cell design has been discussed previously. The overall cell reaction 
is simply the combination of one mole of hydrogen with one-half mole oxygen to 
produce water, electrical power and heat. Unlike the acid cell, carbon monoxide 
is not detrimental to performance and, in fact, is utilized by the cell since the 
water gas shift reaction is catalyzed by the anode (CO + H2O X CO2 + H2)« The 
catalytic qualities are not all beneficial however, and under certain conditions 
solid carbon may be formed ( 2 C 0 "X CO2 + C) . Additionally, methane which acts as an 
inert gas in the cell may be formed (CO + 3H2 ^ CH^ + H2O). Methane formation is 
harmful to performance since it passes through the cell without reacting. 

Both carbon deposition and methane formation are enhanced by increased pres- 
sure. Thus, while high pressure operation is desirable from a performance stand- 
point. Fig. 2. 1.1. 2-1 (Ref. 2.1-13), care must be taken to eliminate the possibility 
of carbon formation and minimize methane formation. The humidification of the fuel 
gas stream has been found to be an effective means of helping achieve both goals. 

The addition of water reduces the concentration of CO due to the water gas 
shift reaction. This is turn, reduces the likelihood of both carbon formation. 

Methane formation is controlled by the reduced CO concentration and the increased 
water vapor concentration. Cell operating pressure appears to be optimum at approxi- 
mately 10 atm as will be discussed in the following section. 

Cell operating temperature is based on a trade-off between ideal cell voltage, 
cell polarization and endurance. The electrolyte, which is comprised of a mixture 
of alkali metal carbonates in a ceramic matrix, is a solid at room temperature. The 
cell must be heated above the electrolyte melt temperature to provide the necessary 
ionic mobility to sustain cell reactions. As the temperature is inc'iased beyond 
the melt point, the ideal cell voltage drops but the ionic mobility increases result- 
ing in redt^ced polarization. The operating temperature range of the cell will be 
between 1100 and 1300”F (866 and 978^K) ; this permits waste heat to be removed as 
sensible heat in the cathode gas stream. A curve showing the composite effect of 
the variables is shown in Fig. 2. 1.1. 2-2 (Ref. 2.1-13). The knee of the curve, or point 
of diminishing return occurs at approximately 1200 F, which is the nomitul cell 
operating temperature. 
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FIG. 2.1.1.2-1 
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FIG. 2.1.1.2-2 



EFFECT OF TEMPERATURE ON MOLTED CARBONATE FUEL CELL PERFORMANCE 
1 •tm, 200 mA/ca^. 70 aol X AIR/30 aol X CO 2 OXIDANT AT SOX 
UTILIZATION 
7SX FUEL UTILIZATION 


2 . 1-11 




R81-9SS3A3-9 


In addition to operating tcoperature and preaaure, three other aajor parameters 
define cell operation characteristics. These parameters include the fuel and oxidant 
utilisations and the cell performance. Utilization is defined as the ratio of the 
reactant consumed by the cell to the reactant supplied to the cell. Reactant uti- 
lizations determine the variation in reactant partial pressure over the cell and 
therefore the ideal cell voltage and driving forces for reactant diffusion at each 
point in the cell. This is an important determinant of cell performance. Because 
CO is shifted to H and consumed in the molten carbonate cell, fuel utilization is 
defined as the ratio of the H consumed in the cell to the total H plus CO supplied 
in the cell. 

Fuel and oxidant utilization are subject to optimization on a system level. 

Cell performance Is a measure of the degree of development of the carbonate ceil. 

The unit of performance for fuel cells Is the design power density per square foot 
of active cell area. Cell power density is the product of the voltage measured 
across the electrodes of each cell and the current density of the cell at that 
voltage. This unit of performance is analogous to the horsepower to weight ratio for 
gas turbines. Since the capital cost of the cell stack is proportional to total cell 
area, high power densities provide lower cost. 

At the time of the ECAS study (Ref. 2.1-14), cell performance was estimated to 
be as shown in Fig. 2. 1.1. 2-3. For tlie current DOE development program the cell perfor 
mance goal is shown in Fig. 2. 1.1. 2-4. A comparison shows that the slope of the curve 
has been reduced to approximately midway between the 1976 data and that projected 
for a demonstration unit in the ECAS study. Table 2.1.1.2-1 gives the operating condi- 
tions for the current program. 

As mentioned earlier, fuel and oxidant utilization is a subject for system in- 
tegration. For the carbonate cell, the effect of reactant partial pressures on cell 
performance is difficult to portray because of the participation of CO at the anode 
due to the water gas shift reaction and consumption of both O 2 and CO 2 at the cathode. 
The effect of fuel utilization is shown in Fig. 2.1. 1.2-5 (Ret. 2.1-5). The composite 
effect of fuel and oxidant utilization is shown in Fig. 2.1. 1-2-6 (Ref. 2.1-13). be- 
cause of the number of variables involved, both fuel and oxidant side compositions, 
these curves are only tpical and a cell model Is necessary to conduct the necessary 
system optimization. 

The effects of impurities on the carbonate cell are n t completely defined. 

Because sulfur is harmful In very low ('^ 1 ppm) concentrations, designs based on a 
current understanding of carbonate cell technology must reduce sulfur concentrations 
to that level. In the process, acids such as HCl that are known to be harmful to the 
cathode will be removed by a water wash prior to low-temperature desulfurization.. 

As with the acid cell , careful integration of the cell and other system com- 
ponents Is necessary to produce an attractive system. 
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FIG. 2.1. 1.2-4 
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FIG. 2.1.1.2-6 
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2.1.2 Syscem/Subsystea Designs 

In this section the potential variations in system design and the optimization 
of the operating parameters are discussed. As mentioned earlier, because of its low 
operating temperature and requirement for operation on hydrogen alone, the acid 
cell offers little if any opportunity for variation in its configuration regardless 
of the gas supply. Therefore discussion in this section is limited to the 
carbonate cell. Work done at UTC (Ref. 2.1'*9) formed the basis for that discussion. 
For the acid cell, the FCG-1 is typical •'^f future designs and is described in 
Section 2.1.3. 

Integration studies focused on the assessment of the impact on power plant 
efficiency of the following fuel cell configuration and operating parameters: 

. Cell Operating Pressure 

. Carbon Formation Criteria 

. Cell Cooling Mode 

. Cell Performance Technology Level 

. Fuel Utilization 

. Cell Stack Process Air Coolant Temperature Gradient 

. Cooling Recycle Loop Pressure Drop 

These studies indicate trends in power section subsystem design options for further 
study with different gasifiers, and provide the basis for selection of a baseline 
power section system concept and a baseline set of cell operational parameters. 

The power block is defined to Include the fuel cell, bottoming cycle, and other 
conversion and associated equipment downstream of fuel gas cleanup. For these 
studies, the power block was assumed to be coupled with an oxygen-blown entralned- 
flow gasifier with physical solvent acid gas cleanup and zinc oxide sulfur polishing 
similar to that described in Ref. 2.1-15. The fuel gas quality available to the 
fuel cell, the gasification section operating conditions, and steam and electrical 
requirements are also based on that study. The schematic of the power plant 
configuration is shown in Fig. 2. 1.2-1. While the basic configuration uses a cathode 
recycle for heat removal, the anode recycle configuration option is shown as a 
dashed line. The steam bottoming cycle is not depicted; however, the schematic 
Indicates locations of heat exchangers providing steam to the bottoming cycle or 
for process reheat. Care v^as taken to assure that the heat was of sufficient quality 
for high pressure steam generation, superheating, and/or steam reheat. 

Important parameters Impacting power plant performance and selection of the 
baseline power plant system concept are the fuel cell operating pressure, carbon 
formation criteria, and fuel cell cooling mode. Both anode recycle and fuel gas 
steam resaturation are design options that were studied to prevent carbon deposition. 
Three cooling modes were considered; cathode recycle cooling (RR ■ 0), anode recycle 
cooling (no cathode recycle), and dual recycle cooling utilizing small anode 
recycles to reduce the fuel gas resaturation requirements. 
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Initial studies focused on design requirements to prevent carbon deposition over 
a range of pressures. Based on UTC cell tests and literature data, full C-H»0 fuel 
gas equilibrium has been assumed for the carbon laydown criterion; l.e., at a given 
temperature and pressure carbon (graphite) deposition will not occur unless 
thermodynamically favored based on shift and reform equilibria at those conditions. 
However, for purposes of assessing the impact associated with more stringent design 
requirements, a second carbon deposition criterion was also investigated. This 
criterion, defined as partial C-H~0 fuel gas equilibrium, assumes carbon (graphite) 
deposition will not occur unless favored thermodynamically based on shift equilibrium 
only (frozen methane). 

Figure 2. 1.2-2 Indicates the impact on overall power plant efficiency of the 
three parameters. The results are normalized for constant cell power density 
(implies constant $/kW gross dc power) utilizing a performance model with a 
technology projection similar to that in the EGAS (Ref. 2.1-14) study (Fig. 2. 1.1. 2-3). 


Trends indicated by these parameter studies are as follows: 

. Maximum system efficiency is at about 150 psf a Irrespective of carbon 
criterion and cooling mode, however, higher pressures have only a 
small negative Impact on efficiency, based on the full C-H-0 equilibrium 
carbon criterion. 

. Carbon criterion has a significant impact on efficiency, especially 
at high pressures. 

. Carbon criterion defines the preferred cooling mode. With full C-H-0 
equilibrium, water resaturation with cathode recycle cooling is the 
preferred approach, while with partial C-H-0 equilibrium, anode cooling 
is Indicated. 

Another important parameter Influencing the power plant efficiency is the cell 
performance technology level. Assuming a nearer-term level of performance 
results in a significant drop in efficiency, as Illustrated in Fig. 2.1. 2-3. 

Power plant efficiency again maximizes at 150 psla, independent of cell 
♦'erfonnance level. 

The above studies assumed the following operational power section parameters 
to be constant: 

. Fuel utilization = 85X. 

. Cell stack process coolant temperature gradient (AT) » 200®F 

. Recycle pressure drop (AP) ® 5 psia 
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The Impact on efficiency of varying the above parameters are shown in Figs. 2. 1.2-4, 
2. 1.2-5 and 2. 1.2-6 respectively.* The following summarizes the results of these 
operational parameter studies. 

. Fuel gas utilization has a significant impact on system efficiency. 

System efficiency increases at high fuel utilization due to the 

higher efficiency of the fuel cell as compared to the (steam) bottoming 

cycle. 

. Higher stack temperature gradients for cooling increase system 
efficiency due to reduced compressor parasite requirements. 

. Lower recycle pressure drops increase efficiency for the same 

reason. Alternatively, higher pressure drops increase optimum cell 
pressure; however, higher AP's tend to flatten the .oti<>’um peak, making 
power plant efficiency insensitive to operating pressui- in the high range. 

2.1.3 Description of System Baseline Technology 

In this section, the systems representative of both the phosphoric acid cell 
technology and molten carbonate cell technology are described. The acid cell 
description is based on existing technology while further development is required 
for the carbonate cell as described in previous sections. 

2.1. 3.1 Phosphoric Acid Cell Technology 

The 4.8-MW fuel cell demonstration unit, while not a commercial prototype, 
is representative of future plants. To enter widespread commercial service, it 
will be necessary to reduce the cost of the powerplant and Increase its durability. 

At its Inception, the 4.8-MU demonstrator was one module of the larger FCG-1 
power plant. Currently, while similar in layout and operation, the FCG-1 design is 
based on more advanced cell technology and is designed for higher temperature and 
pressure operation. 

In Improving operating conditions, current density has been kept constant and 
efficiency has been improved. The difference in operating conditions was shown in 
Fig. 2. 1.1. 1-1. Current cells operate at low (3 atm) pressure and nominally 375 F. 
Advanced cells, such as would be used in a commercial plant would operate at 
approxioiately 6 atm and 400 F. A specification for the FCG-1 is given in Ref. 

2.1-16. 


The dc module is the heart of the power plant. Its purpose is to convert hydro- 
carbon fuel and air into direct current. The major functional components of the dc 
module are shown schematically in Fig. 2-. 1.2-7. The module consists of fuel and 
air processing subsystems shown at the left in the figure, a fuel cell power section 
in the center, and a thermal management subsystem at the upper right. For simplicity, 
the schematic omits a number of valves and heat exchangers needed for flow and 
temperature control. 
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FIG. 2.1.2-4 
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FIG.2.1.2-6 
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FIG. 2.1.2-7 
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During demonstrator module operation^ air enters one of the compressors^ 
shown at the upper left in the schematic, and is compressed to 35 psig. The low- 
flow turbocompressor will normally be used below 35 percent of rated power, and 
the high-flow unit at all other powers. This pressurized air stream is then 
divided by valvc^s and controls into three streams. The main stream is directed 
to the cell cathodes to supply the oxygen required for the fuel cell reaction* 

The fuel cell reaction produces heat and water. Most of this product water 
evaporates into the air stream flowing through the cathode gas space. This hot, 
moist, cathode -effluent stream then passes through a regenerator and a liquid- 
cooled condenser where it is cooled sufficiently to condense the water required 
for use in the fuel processing subsystem. The cathode exhaust streami combined 
with the hot reformer-burner effluent, provides the energy to drive the turbine 
of the turbocompressor unit. 

Power plant process fuel is sometimes burned in the auxiliary burner to add 
energy to the gas stream before it enters the turbine. The system components are 
matched such that, at power plant rated output power, the energy in the gas stream 
is sufficient to power the turbine. As the powerplant output level is reduced, 
the energy available in the gas stream decreases. Since the turbine requires a 
near-constant energy input as the output power is reduced, process fuel is burned 
to make up the small energy deficit at part power. 

At the bottom left of the schematic, naphtha fuel, which has been pressurized 
by a pump, is mixed with hydrogen-rich gas from the fuel processor exit stream. 

The mixture passes through a hydrotreater (hydrodesulfurizer) where sulfur compounds 
are converted to h>^rogen sulfide and absorbed In a zinc oxide bed. Any halogens 
in tne fuel are absorbed in a guard bed. The clean fuel is then mixed with steam 
made by power section waste beat. The fuel-steam mixture passes into the reformer* 

There it is processed to a mixture of hydrogen, carbon dioxide, carbon monoxide, and 
water vapor. The carbon monoxide and water are then further converted to hydrogen 
and carbon dioxide In two shift converters operating at successively lower temperatures. 
The low temperature shift converter rediu'f 5 the carbon monoxide concentration to less 
than one percent. The processed fuel noxi ilows to the anode cavities In the fuel 
cell power section where hydrogen is extracted for the electrochemical reaction* The 
anode effluent gas stream passes through a regenerator and condenser where it is 
cooled to condense additional water for power section cooling and steam generation* 

The anode exhaust stream then enters the reformer burner where the dilute hydrogen 
is burned to provide heat for the reforming process. Then, as described above, the 
burner gas stream is combined with the cathode exhaust stream before entering the 
turbine. 

In the power section, cells are stacked in a series-parallel arrangement to 
produce 3000-volt direct current which is fed to the power conditioner. Power section 
temperature is controlled by a thermal management subsystem. Steam is generated from 
condensed water using power section waste heat. As shown at the upper right quadrant 
of the schematic, cooling water enters the fuel cell coolers, is partially converted 
to steam, and continues on to the separator where the steam is removed* Part of 


2.1-28 


‘ R81-955343-9 


the steam is sent to the reformer; the remainder is condensed to maintain the power 
section at the proper temperature. Water from storage Is Introduced Into the thermal 
laanagement loop to maintain its Inventory. The cooling water la pumped hack to the 
power section. A heat exchanger combined with a burner serves as a source of heat 
during powerplant startup and standby operation. Excess heat from the dc module is 
rejected to the dry air cooling towers via a liquid loop. This heat could also be 
used to provide steam for industrial processes or hot water for space heating or 
washing. 

2.1. 3.2 Molten-Carbonate Fuel Cell Technology 

A schematic of a molten-carbonate power system developed by UTC for use with 
an oxygen-blown Texaco gasifier is shown in Fig. 2. 1.3. 2-1. A combination of Selcxol 
cleanup followed by a zinc oxide bed is used to reduce sulfur to tolerable levels. 

The system was fully integrated and gave an overall efficiency of 47. 9Z from coal 
(UHV) to electricity. 

Clean fuel gas enters a Fuel Gas Expander SO-l-EX-2, which drives the Anode 
Recycle Compressor 50-1-C-2. The fuel gas serves as makeup gas to the anode 
recycle loop at the discharge of the Anode Recycle Compressor 50-1-C-2. The anode 
recycle gas stream continuously circulates through the anode side of the 
SO parallel fuel cells to supply fuel and to remove the heat of reaction. The 
1300**F anode recycle exhaust gas from the fuel cells is cooled in the two 
pressurized Heat Recovery and Steam Generation units connected in series. The 
first unit contains Steam Reheater 51-1-E-4 and Superheater 51-1-E-3 as internal 
colls. The second unit contains HP Boiler 51-1-E-2 and BFW Preheater 51-1-E-l as 
internal colls. The cooled anode recycle gas then enters the Anode Recycle 
Compressor 501-1-C-2 at 1096“F for recompression and recycle. This whole anode 
recycle loop is designed to operate with a total pressure drop of 5.4 psl. 

A portion of the anode effluent at 1300*F combines with inlet air and enters 
Catalytic Burners 51-1-V-1A4B for combustion. The exit flue gas then flows to the 
cathode side of the 50 parallel fuel cells. The cathode exhaust gas flows to 
Exhaust Gas Expander 50-1-EX-l, which drives Air Compressors 50-1-C-l and 11-1 -C-1, 
and Generator 50-1-G-l. 

The gas stream from Exhaust Gas Expander 50-1-EX-l flows through several 
economizers including BFW Preheater 51-1-E-5 and Condensate Preheater 51-1-E-7 
for recovery of waste heat before discharging to the atmosphere at 250*F. 

System performance is summarized in Table 2. 1.3. 2-1. The nominal cell conditions 
selected for this study were 150 psia and 1200‘^F. In this study, process fuel 
gas cooling was s<;lected to provide for fuel cell thermal management and transfer 
the rejected heat of reaction to the bottoming cycle via an anode recycle loop. 

This approach assures that the fuel gases entering the anode are thermodynamically 
stable with regard to methanation and carbon deposition. However, the kinetics 
of these reactions may permit less stringent design criteria than was assumeu 
in this study. 
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TABLE 2. 1.3. 2-1 

SUMMARY OF SYSTEM PERFORMANCE FOR 
OXYGEN-BLOWN TEXACO GAS1F1ER/1«)LTEN-CARB0NATE FUEL CELL 


Gas if icatl oa And Gas Cle a ning System 

Coal Feed Rate, lba/hr'(a.f.^ 798,333 

Oxygen*/Coal Ratio, Iba/lb a.f. 0.8S8 

Oxidant Tenperature, *F 300 

Steaa/Coal Ratio, Iba/lb a.f. 0 

Slurry Water/Coal Ratio, Ibe/lb a.f. 0.S03 

Gasification Section Average Pressure, psig 800 

Crude Gas Tenperature, *F 2,300-2,600 

Crude Gas HHV (dry basis), Btu/SCF** 281.1 

Teaperature of Foal Gas to Fuel Cell Loop *F 738 

Tenperature of Fuel Gas to Zinc Oxide Beds 700 

Gaseous Sulfur Eaission, lb SO^ Bquivalent/10* Btu Coal 0.009 

Power System 

Air Conpression Pressure Ratio (SO-l-C-1) 10.4:1 

Fuel Cell Inlet Tenperature, *F 1,100 

Fuel Cell Exhaust Tenperature, *F 1,300 

Steen Conditions, psia/*F/*F 1800/1000/1000 

Condenser Pressure, Inches Hg abs 2.5 

Anode Recycle Loop Pressure Dr<q>, psi S.4 

Stack Tenperature, *F 250 

Fuel Cell Power#, HH 1,002.8 

Stean Turbine Power#, MW 497.6 

Exhaust Expansion Turbine Power#, HW 40.4 

Total Power Consuaed, MH 110.8 

Net Systea Power, MW 1,430.0 

Overall System 

Process and Deaerator Makeup Water, gpm/1000 MW 445 

Cooling Tower Makeup Water, gpn/1000 MW 4,480 

Cooling Water Circulation Rate, gpn/MW 208 

Cooling Tower Heat Rejection, % of Coal NMV 29.0 

Air Cooler Heat Rejection, % of Coal HHV 7.6 

Net Heat Rate, Btu/kWh 7,130 

Overall Systea Efficiency (Coal Power), % of Coal HHV 47.9 

*Dry basis, 100 percent 0^ 

**Excluding the HHV of H 2 S, COS and MH, 

#At generator teminals 
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As discussed in the previous section, improved lerformsnce is possible with 
steam injection and cathode recycle. In addition to operating temperature and 
pressure, other major parameters defining cell performance and efficiency are 
cell voltage, and the fuel and oxidant utilizations. Utilizations define the 
ratio of the reactant consumed by the cell to the reactant supplied to the cell. 

For a given set of reactant compositions, utilization determines the reactant 
partial pressure and therefore the maximum ideal cell voltage. Because CO is 
shifted to H and consumed in the molten carbonate cell, fuel utilization is 
defined as the ratio of the H 2 consumed in the cell to the total H. plus CO supplied 
to the cell. Fuel utilization and cell voltage are measures of prime cycle system 
efficiency since they indicate the percentage of CO and H 2 in the fuel gas that 
is consumed electrochemlcally and the efficiency of that electrochemical conversion 
process. A preliminary cost and efficiency trade-off study set the cell voltage 
at 0.75 volts per cell, and overall fuel utilization at 90 percent. The oxidant 
air flow rate was set to maintain a two to one ratio between carbon dioxide and 
oxygen partial pressures on the cathode, a value that optimizes cathode performance. 
A summary of fuel cell design parameters is given in Table 2. 1.3. 2-2. 

Ocher cell design conditions that affect overall power plant characteristics 
are heat losses and cell operating life. The cells are thermally insulated and 
cell stack heat losses were calculated to bo two percent of the design gross 
power output. For purposes of defining base case economics, cell useful life 
was assumed to be 40,000 operating hours. This is a goal Chat has been set 
for the nearer term acid cells and appears to be a reasonable goal for molten 
carbonate cells as well. It should be pointed out Chat after 40,000 hours 
of operation, the cell with continue to operate, however, at a slightly reduced 
performance level than assumed for this study. Thus, a utility may choose to 
replace the fuel cells at this time or it may choose to continue to run the 
plant with the existing cells, but at a somewhat reduced power level or efficiency. 

The fuel cell module produces dc power which is converted to ac in the inverter 
system. The inverter operates at 96 percent efficiency at rated load, and outputs 
60 Hz, 3-phase ac power. Included in Table 2. 1.3. 2-2 is the power output summary 
from the inverters. The inverters selected utilize solid-state, self-commutated 
technology. An important characteristic of utilizing self -commutated technology 
is that both real and reactive power can be dispatched. Thus, the power factor may 
be operated over the range of 0.0 to 1.0 within the MVA rating of the inverters, 
precluding the need for power factor correction capacitors. 


The Inverters are modular and are designed to be factory fabricated and rail 
transportable. Each inverter module consists of three inverter bridges connected 
in parallel to the dc bus. Output voltage harmonics up to 17 times the fundamental 
are cancelled in harmonic reduction transformers. Any single harmonic voltage 
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TABLE 2. 1.3. 2-2 


FUEL CELL DESlb'N PARAMETERS 


i L 


Ctll Voltage ~ Volte 
Fuel Utilisation - % * 

Oxidant Utilisation ~ % 

Gross dc Power Oeneity ~ Natts/Ft> 


0.7b 

SO 

S8 

148 


DC Module Operating Characteristics 

Oc Module Output - HU 4.18 

Number of dc Modules 250 

Total dc Output to Inverter ~ MW 1044.6 


*Per~ past utilisation includes anode recycles. Overall utilisation for each 
cane is 90 percent 


2.1-33 


R81-9553A3-9 


output is limited to less than one percent of the fundamental. Series reactors 
are inserted between '..ne bridge output and the harmonic cancelling transformers 
of each inverter module to provide an inductive impedance to the utility line for 
control purposes and for buffering the bridge from line transients. The 60 Hz, 
three-phase output from the Inverter modules is then comblTizd in an inverter 
transformer for step-up to an intermediate ac paralleling voltage. 

The remaining components in the prime cycle systr.m are the catalytic burners 
and the turbocompressors and auxiliary generator equipment. The catalytic 
burners oxidize hydrogen, carbon monoxide, and methane in the fuel anode vent. 
Adiabatic oxidation temperature is quite low, approximately 1158 F. Kinetic studies 
indicate that catalytic combustion in these temperature regimes yields very low 
nitrogen oxide and carbon monoxide emission levels. The catalytic burners utilize 
a precious metal catalyst supported on a ceramic material, and are enclosed in 
Insulated carbon steel pressure vessles. Design life for the units is two years 
with replacement of the catalyst bed after this period. 
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3.1 evaluation of Coal-Darived Fuels for Advanced Fuel Cell Power Syatens 

The objective of this teak is to determine Che overall power plant 
efficiency of a fuel cell system using mediusi-Btu gas delivered to the power 
plant via pipeline. The properties of the gas delivered to the power plant will 
be obtained and any further processing, if necessary, will be identified. Based 
upon the fuel gas characteristics, the perforaance of the fuel cell power plant 
will be described. 

3.1.1 Definition of Fuel Gas Requirements 

As discussed in Sections 1 A 2 both the phosphoric acid and molten carbonate 
type cells are susceptible to degradation from impurities in Che fuel. Preliminary 
fuel specifications have been established for the FCC-1 Power Plant (Ref. 3.1-1). 
These are presented in Tables 3.1.1-1, 2 & 3. The gaseous fuels of interest here 
are covered by Table 3. 1.1-1. While that specification allows a sulfur level of 
100 ppm, Che system includes a zinc oxide bed to achieve nearly complete sulfur 
removal prior to entering the reformer and water gas shift sections of these fuel 
processing system. Vftiile the acid cell can tolerate some H 2 S, it appears to 
have a synergistic effect when accompanied by CO. Since it will not be possible 
to shift all Che CO to H 2 , it appears prudent to remove all the sulfur even if 
catalyst poisoning could be overcome. 

In the case of the carbonate cell, allowable sulfur levels have yet to be 
established. However, it appears likely Chat these levels will be less than 1 
ppm. Cell tolerance to other impurities have been estimated (Ref. 3.1-2) and are 
presented in Table 3. 1.1-4. For purpose of this study it was assumed that low 
levels (<1X) of C 2 hydrocarbons would act as a diluent and not affect cell 
performance . 

The oxygen-blown Texaco and British Gas Corp. (BGC) slagging gasifiers 
tMre selected as the gasifiers to provide medium-Btu fuel gas for transport in 
pipeline to the power generation site Properties of the fuel gas from each of 
these gasifiers, based upon Ref. 3.1-3, are given in Table 3. 1.1-5. The total 
sulfur content of '00 ppm H 2 S * COS is that agreed upon by NASA and the Contractor 
(Ref. 3.1-4) as being typical of pipeline quality fuel gas. 
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TABLE 3.1.1'1 


GASEOUS FUEL SPECIFICATION 

Gaaeous fuels shall consist of various conblnattons of saturated hydro* 
carbon compounds, hydrogen, carbon monoxide and Inerts, with the 
following chemical composition llmlta: 

COMPOSITION LIMITS 


Impurity 


Upper Limit 


Sulfur, ppm vol 100 

Nitrogen, vol X 10.0* 

Oxygen, vol % 0.1 

Olefins, vol % 3.0 


* Limit applies only for gases containing hydrocarbons. 


Acceptable gaseous fuels Include: 

Coal Gases from Entrained Flow, Fluidized Bed, or Moving Bed 
Processes. 

Natural Gas 
Synthetic Natural Gas 
Propane 
Hydrogen 

Anaerobic Dlgestor Gases 
Some Industrial Byproducts 
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TABLE ‘ 

LIQUID FUEL SPECIFICATION 

Liquid fuel* shall consist of saturated hydrocarbon compounds with the 
following chemical composition and physical property limits: 


COMPOSITION LIMITS 


Impurity 


Upper Limit 


Aromatics, vol X 12.0 
Olefins, vol 3.0 
Sulfur, ppm wt. 500.0 
Chlorine, ppm wt. 3.0 
Lead, ppm wt. 1.0 


PHYSICAL PROPERTY LIMITS 


Reid Vapor Pressure, Maximum, lb 12.5 
Final Bolling Point, Maximum, °F 420 

Acceptable liquid fuels Include: 

Light Petroleum Distillates 
Light Coal Liquids 
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TABLE 3. 1.1-3 

ALCOHOL FUEL SPECIFICATION 


Alcohol fuels shall consist primarily of methyl, ethyl. Isopropyl 
and isobutyl alcohol, or mixtures thereof, with the following 
chemical composition limits: 


COMPOSITION LIMITS 


Impurity 


Upper Limit 


Sulfur, ppm wt. 0.1 
Chlorine, ppm wt. 0.1 
Lead, ppm wt. 1.0 


Methyl and Isopropyl alcohols may be used as denaturants. 
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TABLE 3. 1.1-4 

ESTIMATED MAXIMUM ALLOWABLE IMPURITY LEVELS 
FOR PHOSPHORIC ACID FUEL CELLS 


Impurity 

CO2 

CH4 

N2 

CO 

H 2 S, COS 

C2+ 

Cl" 

NH3 

Metal ions (Fe, Cu. etc.) 


Maximum Limit 
diluent 

diluent 

diluent 

1% 

100 ppm 
100 ppm 
1 ppm 
1 ppm 
nil 
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TABLE 3. 1.1-5 
GAS COMPOSITIONS 


Texaco Gas 


BGC Gas 


Element 

Vol. X 

Vol. X 

CH^ 

0.1 

8.4 

«2 

35.6 

30.6 

CO 

52.4 

58.5 

CO, 

10.8 

1.9 

H2S)1 

♦ i 

100 ppm 

100 ppm 

COS ; 

Nj 

0.8 

0.5 

Ar 

0.2 

0 

U 2 O 

0.1 

0.1 


100.0 

100. 0 


Heating Values, LHV 



LHV, Btu/scf 

267.5 

349.1 

LHV, Btu/lb 

4949 

6825 
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Fuel delivery pressure is dictated by the cooibined cycle of Section 3.2 
in which the coobustor operates at 175 psia. Allowing for fuel handling, a 
pressure of at least 250 psia would be required at delivery. It is anticipated 
that the Texaco and BGC gasifiers would be operated at pressures well beyond this 
value. Since the fuel cells operate at lower pressures it oiay be possible to 
recover sone of the compressor work with an expander. 

Fuel delivery temperature is not critical unless it is low enough to allow 
condensation. For the moisture content given in Table 3. 1.1-5, temperatures 
should be above 75 F. An average temperature of 86 F has been assumed. 

The required flow rate of fuel gas is a function of heating value and 
output power levels. For the carbonate systems, flows were selected that provided 
a heat input comparable to the integrated systems which were sized for a nominal 
500 MW output. The flow rate is 527,310 Ib/hr for the Texaco gas and 453,190 
Ib/hr for the BGC gas. In the case of the phosphoric acid cells, flows were made 
to be compatible with the FCG-1 module. 

3.1.2 - Identification of Power Generation Facility 

3. 1.2.1 Phosphoric Acid Cell 

The basic generating system arrangement has been described in Section 2.1.3. 

The plant, while initially intended for use on light distillate fuel, is designed 
for fuel flexibility. The fuel processor can be adapted to various gaseous and 
liquid fuels including those under consideration here. 

For operation on naptha, a system schematic and flow sheet are shown in 
Fig. 3. 1.2. 1-1 and Table 3. 1.2. 1-1 (Ref. 3.1-5). For use with either of the gases 
being considered here, minor changes are required. These will be discussed using 
the naptha fueled plant as a baseline to describe fuel processor and fuel cell 
operation. 

Referring to Fig. 3. 1.2. 1-1, naptha wit'.i no sulfur (Stream 1) enters the system 
and passes through the hydrodesulfurizer and zinc oxide bed prior to entering the 
reformer. 

Fuel containing sulfur would be mixed with hydrogen rich g^s prior to entering 
the hydrodesulfurizer. With the medium-Btu gases being considered here, the 
sulfur has already been combined with hydrogen and can be sent directly to 
the zinc oxide beds located just downstream of the hydrodesulfurirer. Removal of 
100 ppm of sulfur from the gas puts a burden on the zinc oxide bed. The cost of 
desulfurization by the zinc oxide is on the order of 1 mill per kWh. 
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FIG. 3. t. 2.1-1 
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PHOSPHORIC ACID FUEL CELL POWER SYSTEM 
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Following desulfurication, the gee ia nixed with ateem (Stream 3) and sent 
to the reformer where the hydrocarbons are converted to hydrogen along with some 
carbon monoxide, carbon dioxide and methane (Stream 4). These gases are cooled 
and sent to the shift converter %ihere most of the CO along with a corresponding 
amount of H 2 O is shifted to sMke H 2 and CO 2 (Stream 5). In the case of the 
Texaco gas, the reformer can be bypassed and the desulfurised gas sent directly 
to the shift converter. However, because of the high CO level (S2X) in the gas 
it is necessary to add two high-temperature shift converters with associated heat 
exchangers to reduce the CO concentration to a level typical of a steam reformer 
product. The gas can then be processed in the normal shift converter. 

In the BGC gas, methane, while only 8Z by volume, accounts for 23 percent 
of the heating value. Therefore, to avoid the loss of that energy, the BGC gas 
must be processed in the reformer. Because of the low methane concentration and 
the exothermic shift reactions that will also occur in the reformer, little heat 
is required. For the BGC gas, no change in the basic fuel processor arrangement 
is required. However, the size of the low-temperature shift converter must be 
increased . 

After shifting, the fuel gas is cooled and most of the water vapor is condensed 
and removed for re-use in the reformer. It is then sent to the anode side of the 
cell. In the fuel cell, 10 percent of the hydrogen is consumed. The remainder, 
along with residual CO and CH 2 , is combined with incoming fuel to provide heat 
for the reformer. 

A comparison of the performance of the phosphoric acid power plant using naptha, 
the Texaco gas and the BGC gas is given in Table 3. 1.2. 1-2. As can be seen, there 
is little change in either heat rate or the availability of low-grade heat as the 
system is changed from one fuel to the other. 

The operation of the FCG-1 power plant on medium-Btu gas both with and without 
methane is the subject of a study being performed for TVA (Ref. 3.1-6). The 
final report of that work will not be available for several months. However, it 
will include a more detailed description of the operation of the cell than is 
possible at this time. 

3. 1.2.2 Molten Carbonate Cell 

The basic generating system arrangement has been discussed in Section 2.1.3. 

The carbonate cell, by virtue of its high operating temperature is well suited 
for integrated operation with the gasifer. However, in the over-the-fence 
configuration it also exhibits a low heat rate. The system arrangement is shorn 
in Fig. 3. 1.2. 2-1. It is the same for usa with either the Texaco or BGC gas. 

Table 3. 1.2-2 sumoarizes performance for both gases. For the Texaco gas, a heat 
and mass balance i< given in Table 3. 1.2. 2-3 and stream compositions are given in 
Table 3. 1.2. 2-3. For the BGC gas, the corresponding tables are 3.1. 2.2-4 and 
3. 1.2. 2-5 respectively. 
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SUMMARY OF COAL-DERIVED FUEL IMPACT 


11. 

3-MUAC Net Power Rating 


r 

L 

Fuel 

Texaco 

BGC 

i; 

I 

Variation from Basic 
Power Plant 

Add 2**Stage Shift 
Converter 

Increase Low- 
Temperature 
Shift Converter 
Size 

i . 

\ 


• 

Increase Low- 
Temperature Shift 
Converter Size 


1 

Rated-Power Heat Rate, 
Btu/kWh 

8350 

8360 

r ' 
1 

Recoverable Heat, 10^ Btu/h 



1 , 

High Grade, STEAM 

4.2 

6.2 

i 

Low Grade, 160 F 
HATER 

37 

37 




I 

c 

i; 

ii 


Overall Energy Utillzatlcn, % 
(Based on HHV) 


85 


86 














t 

I: 


R81-9553A3-9 


TABLE 3. 1.2. 2-1 

PERFOBMANCB SUMMARY FOR MOLTEN CARBONATE POWER SYSTEMS 
AND MEDIUM-BTU FUEL GAS 


Fuel Gas: 


Gasification Process 

Texaco 

BCC 

Flow Rate, Ib/hr 

527310 

453190 

Lower Heating Value, Btu/lb 

4949 

6826 


Ferfotaencei 


Fuel Cell Power, MW 

346.0 

330.4 

Gas Turbine Power, 

100.3 

107.5 

Steam Turbine Power, MW 

52.0 

119.2 

Utilities^^^ 

30.8 

29.2 

Total Net Power, MW 

485.5 

527.9 

Heat Rate, Btu/kWh^^^ 

5375 

5860 

Overall Efficiency, 

63.5 

58.2 


f 




(1) Includes fuel conpressors and 31 for plant requirements 

(2) Based on lower heating value of gas. 


} 


i 
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TABLE 3.1.2*2«2 

HEAT AND MASS BALANCE FOR MOLTEN CARBONATE POWER SYSTEM 
AND TEXACO FUEL GAS 

Station Number Tamparature (^F) Praasura (psla) Flow (Ib/aac)^^^ 


1 

59 

14.7 

754.4 

2 

595 

15C.8 

754.4 

3 

80 

275.0 

146.5 

4 

700 

270.0 

146.5 

5 

656 

260.8 

246.9 

6 

1100 

256.1 

246.9 

7 

1100 

150.0 

246.9 

8 

1220 

150.0 

568.4 

9 

981 

147.5 

568.4 

10 

809 

145.0 

568.4 

11 

820 

150.8 

568.4 

12 

988 

150.0 

1322.8 

13 

1100 

150.0 

3944.5 

14 

1300 

150.0 

3622.9 

15 

1300 

150.0 

1001.2 

16 

659 

16.2 

1001.2 

17 

480 

14.7 

1001.2 

17A 

363 

14.7 

1001.2 

18 

300 

14.7 

1001.2 

19 

1300 

150.0 

2621.7 

20 

1300 

150.0 

2162.0 

21 

1213 

150.0 

2162.0 

22 

1300 

150.0 

459.7 

23 

1213 

150.0 

459.7 

24 

1213 

150.0 

2621.7 

25 

1140 

145.1 

2621.7 

26 

1154 

150.0 

2621.7 

27 

108 

1.23 

159.8 

27A 

108 

30.0 

159.8 

28 

218 

30.0 

159.8 

29 

250 

30.0 

165.0 

30 

255 

2837.0 

165.0 

31 

446 

2553.2 

165.0 

32 

662 

2400.0 

165.0 

33 

662 

2400.0 

165.0 

34 

1000 

2400.0 

165.0 

(1) All flow values 

are for one engine. 
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TABLE 3.1. 2.2-2 (Cont'd) 

HEAT AMD MASS BALANCE FOR MOLTEN CARBONATE POWER SYSTQI 
AND TEXACO FUEL GAS 


35 

653 

600.0 

64.6 

36 

653 

600.0 

100.4 

37 

611 

260.8 

100.4 

38 

1000 

540.0 

64.6 

39 

405 

34.0 

5.2 

40 

108 

1.23 

57.4 
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MATERIAL BALANCE FOR MOLTEN CARBONATE 
POWER SYSTQ1 USING TEXACO FUEL GAS 
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14201547 494205 13043986 465271 3604815 128582 
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TABLE 3. 1.2. 2-4 

HEAT AND MASS BALANCE FOR MOLTEN CARBONATE POWER SYSTEM 
AMD BGC FUEL GAS 

Station Nuober Temperature (°F ) Pressure (psla ) Flow (Ib/sec)^^^ 


1 

59 

14.7 

865.4 

2 

595 

150.8 

865.4 

3 

80 

275.0 

125.9 

4 

700 

270.0 

125.9 

5 

649 

260.8 

236.3 

6 

1100 

256.1 

236.3 

7 

1100 

150.0 

236.3 

8 

1220 

150.0 

532.1 

9 

969 

147.5 

532.1 

10 

808 

145.0 

532.1 

11 

819 

150.8 

532.1 

12 

1375 

150.0 

1397.6 

13 

1100 

150.0 

3759.9 

14 

1300 

150.0 

3464.1 

15 

1300 

150.0 

1101.8 

16 

655 

16.2 

1101.8 

17 

485 

14.7 

1101.8 

18 

300 

14.7 

1101.8 

19 

1300 

150.0 

2362.3 

20 

1300 

150.0 

1763.9 

21 

1115 

150.0 

1763.9 

22 

1300 

150.0 

598.5 

23 

1115 

150.0 

598.5 

24 

1115 

150.0 

2362.3 

25 

924 

145.1 

2362.3 

26 

937 

150.0 

2362.3 

27 

108 

1.23 

251.0 

28 

108 

30,0 

251.0 

29 

250 

30.0 

286.3 

30 

255 

2837.0 

286.3 

31 

446 

2553.0 

286.3 

32 

602 

2400.0 

286.3 

33 

662 

2400.0 

286.3 

34 

1000 

2400.0 

286.3 

35 

648 

600.0 

175.9 

36 

648 

600.0 

110.4 

37 

604 

260.8 

110.4 

38 

1000 

540.0 

175.9 

39 

385 

34.0 

35.3 

40 

108 

1.23 

140.6 


(1) All flow values are for one engine. 
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MATERIAL BALANCE FOR MOLTEN CARBONATE 
POWER SYSTEM USING BGC FUEL GAS 
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Referring to Fig. 3. 1.2. 2-1, fuel gas is received sc pressure but must 
be heated prior to use in the cell. This is done by heat exchange with Che anode 
exhaust gas. When the incoming gas reaches 700F, it is withdratm from Che heat 
exchanger and sent to a sine oxide bed for complete sulfur removal. The clean 
gas is mixed with steam to prevent carbon deposition and then returned to the 
exchanger where it is heated to HOOF which has been specified as the anode inlet 
temperature. 

In the cell, fuel utilisation is 85 percent. That is, 85 percent of the total 
moles of H 2 ^ CO are consumed in the cell. For each moles of fuel used, one 
mole of CO 2 and one of H 2 O are released to the gas stream. Thus the mass 
flow out of the cell is greatly increased over the inlet flow rate. The gas 
leaves the cell at 1220F and the composition corresponds to the water gas shift 
equilibrium at that temperature. 

As noted above the anode exhaust gas is used to heat the incoming fuel gas. 
Because of Che high mass flow rate of Che exhaust gas, it is only cooled to 
approximately 800F before entering a blower idiich directs Che very lotr-Btu gas to 
a catalytic burner. Here the gas is burned and the products diluted with air 
from the Curbocompressor. The resultant gas (Stream 12) is mixed with recycle 
gas from Che anode that has been cooled to maintain proper cell temperature. The 
mixture is sent Co the cathode where the utilization of CO 2 and O 2 is approxi- 
mately 25 percent. Gas leaves the cathode at 1300F. Part of it is cooled by raising 
high pressure steam and providing superheat and reheat for the steam cycle. That 
part recirculated to the cathode by the recycle compressor. The other part of 
the stream is expanded through a turbine which drives the compressor and a 
generator adding Co the gross power output. 

Heat recovered from the turbine exhaust is used for economizing in the steam 
bottoming cycle. As mentioned earlier boiling and superheating are accomplished 
in the cathode recycle stream. 
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4.1 Evaluation of Integrated Gasification Fuel Cell Power Systems 

The objective of this task is to evaluate the performance of fuel cell systems 
when integrated with coal gasification and cleanup systems. The gasifiers to be 
considered are the oxygen-blo%m Texaco and the BGC slagger. Gasification and gas 
cleanup systems are the same as reported in Ref. 4.1-1. 

Because of their low operating temperature» the phosphoric acid fuel cells 
do not lend themselves to integration with gasification systems. The more likely 
use of the acid cell is as a dispersed generator which would have the performance 
characteristics described in Section 3* 1.2. For that reason^ this section deals 
only with gasification systems integrated with the molten carbonate fuel cell. 

4.1.1 Identification of Fuel Cell Power Plant with Texaco Gasifier 

The fuel cell system with steam bottoming cycle described in Section 2.1.3 
vlll be used as the basis for the integrated power plant* Cell operating conditions 
are as described in Section 2.1.3 but actual cell output varies with gas composi- 
tions and steam cycle arrarxgement has been changed to fully utilize the heat 
available in each configuration. A schematic for the Texaco-based system is 
shown in Fig. 4.1. 1-1. A brief description of the system follows* 

In the Texaco system coal is mixed with water and the resultant slurry 
(Stream 5) is pumped up to gasifier pressure. In the gasifier it reacts with 
oxygen to produce a high temperature O2300F) medium-Btu gas. At the gasifier 
exit, a portion of the gas is drawn off to remove the bulk of entrained ash from 
the main stream. That gas is quenched with water to remove the ash and rejoin 
the mainstream at the particulate scrubber. Prior to entering the high-pressure 
boiler, the main gas stream is quenched to below the ash fusion temperature to 
solidify the ash and minimize heat exchanger fouling. The gas is then cooled by 
raising high-pressure steam, transferring heat to the clean gas, raising low 
pressure steam and finally by evaporation in the particulate scrubber. The gas 
leaves the scrubber fully saturated at 352F. Because it is saturated, there is a 
large amount of heat available at temperatures below 352F. After reheating the 
clean gas to 300F and heating the boiler feedwater to 230F, the remaining heat is 
rejected to ambient and the gas enters the Selexol System at 103F. Following 
desulfurization, the clean gas is reheated against the raw fuel gas in a series 
of three heat exchangers. At 700F, the clean gas is removed from the heat 
exchanger and sent through a zinc oxide bed to guarintee complete sulfur removal. 
Following this, steam is added to prevent carbon deposition and the gas is 
reheated to HOOF. At this point the pressure is reduced to the fuel cell 
operating level by expansion through a turbine. 

The remainder of the system is virtually the same as that of the over-the- 
fence case described in Section 3.1. The cell operates at 165 amps per sq ft 
with an output voltage of 0.81V. 


HP BOILER 
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In Che eteem cycle, feedwater is sent to the fuel processing equipment where 
both lotr end reheat “pressure steam is raised. 

Performance of the system is summarised in Table 4.1.1~l, a heat and mass 
balance is given in Table 4.1. 1“2 and stream compositiona in Table 4,1.1“3. 

4.1.2 Identification of Fuel Cell Power Plant with BGC Gasifier 

The fuel cell system with steam bottoming cycle described in Section 2.1.3 
will be used as the basis for the integrated plant. Cell operating conditions are 
as described in Section 2.1.3 but actual cell output varies with gas composition 
and steam cycle arrangement has been varied to fully utilise the available waste 
heat. A schematic for the BGC-based system is shown in Fig. 4.1.2“1. 

The major factor in Che gasification process that affect Che power plant 
and result in basic differences between the BGC and Texaco based systems are: 

1. The Texaco slurry feed and high temperature makes it less efficient 
than the BGC. 

2. BGC raw gas must be water quenched to remove condensible hydrocarbons 
and the sensible heat is loss to the power plent. 

3. BGC product gas contains a significant amount of methane (approx 22 percent 
of HHV) which cannot be used in the fuel cell. 

The primary effect of these differences in terms of the Fig. 4. 1.2-1 schematic 
is the loss of the ability to us^ heat from the raw gas to reheat the clean gas 
leaving the Selexol system. Instead, the heat needed to preheat the fuel gas 
must be taken from the anode exhaust stream. As a result, the fuel cell part of 
Che system is virtually the same as in the over-the-fence case which has been 
described earlier. 

Because of the gasifier steam requirements, the steam cycle is somewhat 
different than in Che Texaco case. Steam for the gasification process is taken 
from three sources. Gasifier jacket heat provides approximately 60 percent of 
the total, 25 percent is raised in the sulfur recovery plant and 13 percent is 
raised in the sulfur recovery plant and 13 percent extracted from the intermediate 
pressure turbine. Other steam is extracted from the low pressure turbine to 
supply process needs at both 30 and 100 paig. 

Performance of the system has been sumcsrized in Table 1.1. 1-1. A heat and 
mass balance is given in Table 4. 1.2-1 and stream compositions are given in Table 
4. 1.2-2, 
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TABLE A. 1.1-1 

PERFORMANCE SUMMARY FOR INTEGRATED GASIFICATION/ 
FUEL CELL POWER PLANTS 


Gasification System: 

Texaco 

BGC 

Oxident 

Oxygen 

•a 

Coal Rate, TPO 

3566.6 


Output: 

Fuel Cell Power, MW 

365.3 

330.5 

Gas Turbine Power, MW 

93.2 

106.3 

Steam Turbine Power, MW 

106.0 

100.7 

Expander Power, MW 

35.6 

18.0 

Gross Output, MW 

600.1 

555.5 

Utilities: 

Selexol Power Consumption, MW 

3.3 

3.4 

Air Compressor Power, MW 

45.4 

24.8 

Oxygen Compressor Power, MW 

15.6 

7.9 

Recirculation Compressor Power, MW 

14.8 

12.2 

Other Utilities Power, Ml>' 

16.6 

13.3 

Total Utilities, MW 

95.7 

61.6 

Total Net Output, MW 

504.4 

493.9 

Heat Rate, Btu/kWh 

7223 

7362 

Overall Efficiency, % 

47.2 

46.4 
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TABLE 4. 1.1-2 


HEAT AND MASS BALANCE FOR INTEGRATED TEXACO 
GASIFICATION/FUEL CELL POWER PLANT 


StAtlnn Number 

Temperature (®F) 

Pressure (psia) 

Flow (lb/ sec 

1 

59 

14.7 

722.0 

2 

595 

150.8 

722.0 

3 

90 

17.0 

69.4 

4 

300 

734.7 

69.4 

5 



82.6 

6 

2400 

588.0 

180.6 

7 

2400 

588.0 

162.5 

8 

2400 

588.0 

18.1 

9 

400 

564.5 

25.5 

10 

1850 

588.0 

227.4 

11 

1200 

582.1 

227.4 

12 

742 

576.3 

227.4 

13 

522 

570.5 

2-t7.4 

14 

404 

570.5 

227.4 

15 

403 

570.5 

252.9 

16 

352 

570.5 

259.1 

17 

352 

570.5 

64.9 

18 

360 

588.0 

64.9 

19 

352 

570.5 

194.2 

20 

334 

570.5 

183.2 

21 

199 

558.5 

154.5 

22 

105 

541.8 

152.0 

23 

70 

530.9 

126.3 

24 

300 

530.9 

126.3 

25 

700 

525.6 

126.3 

26 

665 

515.1 

220.0 

27 

1100 

510.0 

220.0 

28 

751 

155.2 

220.0 

29 

1100 

150.0 

220.0 

30 

1220 

150.0 

541.8 

31 

1039 

145.0 

541.8 

32 

1051 

150.8 

541.8 

33 

1113 

150.0 

1263.8 

34 

1100 

150.0 

3936.4 

35 

1300 

150.0 

3614.6 

36 

1300 

150.0 

942.0 


(1) All flow values are for one engine. 
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TABLE 4.1.1>2 (Cont’d) 

HEAT AND MASS BALANCE FOR INTEGRATED TEXACO 
GASIFICATIQN/FUEL CELL POWER PLANT 


Station Number 

37 

38 

39 
AO 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 


Tenparature (*F) 

658 

537 

300 

1300 

1300 

1154 

1300 

1154 

1154 

1080 

1094 

108 

108 

108 

338 

250 

255 

486 

486 

486 

592 

592 

592 

662 

662 

662 

1000 

649 

649 

649 

634 

486 

644 

lOOO 

626 

108 


Praaaura (pala) 

16.3 

14.7 

14.7 

150.0 

150.0 

150.0 

150.0 

150.0 

150.0 

145.0 

110.0 
1.23 

30. C 

30.0 

115.0 

30.0 

2836.0 

2837.0 

600.0 

2837.0 

2400.0 

2400.0 

2400.0 

2400.0 

2400.0 

2400.0 

2400.0 

600.0 

600.0 

600.0 

515.0 

600.0 

600.0 

540.0 

115.0 
1.23 


Flow (Ib/sec)^^^ 

942.0 

942.0 

942.0 

2672.6 

1959.5 

1959.5 

713.1 

713.1 

2672.6 

2672.6 

2672.6 

267.1 

257.8 

9.3 

9.3 

257.8 

257.8 

257.8 

6.1 

251.7 

251.7 

129.2 

122.5 

122.5 

129.2 

251.7 

251.7 

251.7 

158.0 

93.7 

93.7 

6.1 

164.1 

164.1 
13.0 

151.1 
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TABLE 4.1. 2-1 

HEAT AND MASS BALANCE FOR INTEGRATED BGC GASIFICATION/ 

FUEL CELL POWER PLANT 

Station Number Temperature (°F ) Pressure (psla ) Flow (Ib/sec) 


1 

59 

14.7 

860.0 

2 

595 

150.8 

860.0 

3 



82.6 

4 

282 

325.0 

154.0 

5 

163 

320.0 

134.2 

6 

105 

306.0 

132.6 

7 

70 

296.0 

122.4 

8 

1100 

291.0 

122.4 

9 

650 

281.1 

231.6 

10 

939 

276.2 

231.6 

11 

775 

152.0 

231.6 

12 

1100 

150.0 

231.6 

13 

1220 

150.0 

527.3 

14 

1039 

148.0 

527.3 

15 

877 

146.0 

527.3 

16 

712 

144.1 

527.3 

17 

724 • 

150.8 

527.3 

18 

1341 

150.0 

1387.3 

19 

1100 

150.0 

3756.0 

20 

1300 

150.0 

3460.3 

21 

1300 

150.0 

1091.6 

22 

655 

16.2 

1091.6 

23 

491 

14.7 

1091.6 

24 

300 

14.7 

1091.6 

25 

250 

14.7 

1091.6 

26 

1300 

150.0 

2368.7 

27 

1300 

150.0 

1780.7 

28 

1126 

150.0 

1780.7 

29 

1300 

150.0 

588.0 

30 

1126 

150.0 

588.0 

31 

1126 

150.0 

2368.7 

32 

945 

145.1 

2368 ? 

33 

958 

150.0 

2368.7 

34 

108 

1.23 

292.8 

35 

108 

30.0 

292.8 

All 

flow values are for one engine. 
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! i 

TABLE 4. 1.2-1 (Cont'd) | 

HEAT AND MASS BALANCE FOR INTEGRATED BGC GASIFICATION/ 

, FUEL CELL POWER PLANT ‘ 

( 1 ) 

Station Number Temperature (*F) Pressure (pata) Flow (Ib/sec) 


1 36 

200 

30 

292.8 

37 

250 

30 

292.8 

38 

255 

2837 

292.7 

' 39 

446 

2553 

292.7 

‘ 40 

446 

2553 

20.6 

41 

448 

415 

14.5 

: 42 

448 

415 

6.1 

' 43 

603 

2400 

272.2 

44 

448 

415 

14.5 

45 

448 

415 

6.1 

46 

448 

415 

6.1 

47 

662 

2400 

272.2 

48 

1000 

2400 

272.2 

49 

648 

600 

272.2 

50 

648 

600 

162.9 

51 

648 

600.0 

109.2 

52 

608 

281.1 

109.2 

53 

1000 

540.0 

162.9 

54 

1000 

540.0 

63.6 

55 

1000 

540.0 

99.3 

. 56 

108 

1.23 

99.3 

i 

58 

937 

415.0 

4.0 

510 

415.0 

24.6 

59 

611 

100.0 

39.8 

1 60 

475 

50.0 

4.8 

' 61 

108 

1.23 

15.0 
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4.1.3 Comparison of Performance 

The differences between the Texaco and BGC performance shown in Table 4. 1.1-1 
are due primarily to gasifier efficiency (the slurry feed makes the Texaco less 
efficient chan the BGC), Che loss of raw gas sensible heat (in the case of the 
BGC) and the presence of methane in the BGC gas that cannot be used in Che fuel 
cell but whose energy improves the steam cycle in that system. 

Because of Che lower oxygen and steam (water) requirements of the BGC 
gasifier the cold gas efficiency of that unit is much higher than Che Texaco 
units (93Z and 77X respectively). However, this difference is offset by the 
aaiount of methane in the BGC off*-ga8. Nearly 24X of the heating value of Chat 
gas is attributed Co methane and other hydrocarbons that cannot be utilized in 
the fuel cell. They are, however, used at steam cycle efficiency. 

The low exit temperature of Che BGC gasifier results in a significant 
amount of condensibles in the off-gas. As a result, it is not practical to 
attempt to remove the sensible heat from the stream. Instead, it must be water 
quenched and the heat is availible at less(than 282N. 

Referring to Table 4. 1.1-1, Che effects of these differences can be seen. 

Fuel cell power is some lOt less in the BGC case. Thic a direct result of Che 
difference in the quantity of hydrogen and carbon monoxide in Che product gas of 
each. If only those two gases were considered in calculating cold gas efficiency, 
it would be 70Z for the BGC and 77% for the Texaco gasifier. 

Gas turbine power is higher in the BGC system due to the increased flow 
associated with combustion of methane in Che cathode loop. The combustion of 
methane also raises the steam cycle output. Despite the loss of gasifier raw gas 
sensible heat in the BGC-based system, steam power is almost the same in both 
cases. Expander power differs due to the difference in pressure at which each 
gasifier operates. 

While total output of the Texaco system is some 8X higher, net output differs 
by only 22. This is due primarily to Che air compressor for the oxygen plant and 
the oxygen compressor. The former is lower in the BGC system since oxygen 
requirements are 442 lower than for the Texaco gasifier. Oxygen compressor power 
differs due to the lower flow and also due to the lower pressure to which it must 
be compressed in the BGC system. 
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A. 1.4 Off~Design Operation of Gasif icaCion/Holten Carbonate 
Power Plante 

Hie integration of a oolten carbonate fuel cell with a gaeification 
eyetem yields a very complex plant. The ability to operate auch a plant can only 
be demonstrated in an actual installation. Simulation of the plant is possible, 
however, this has not been done to date. Consequently, it is necessary to infer 
from existing data the probable part~load capability of an integrated gasification/ 
molten carbonate fuel cell power system. 

In Ref. 4.1-2 the plant operation and control of an integrated gasif ier/molten 
carbonate fuel cell was discussed. TWo modes of operation at part power were 
advanced . 

The first mode takes advantage of the fact that the powerplant consists of 
independent gasifier-fuel cell trains operated in parallel. In each train, coal 
is converted to fuel cell power and the waste heat from all trains is available 
to a single steam bottoming cycle. Any train can be shut do«m independently of 
the others; this reduces the fuel cell output. Shutting down a single gasifier- 
fuel cell train lowers the amount of steam available to the bottoming cycle, thus 
lowering its output power. This modular unit shutdown approach to turndoim has 
the disadvantage of slow response time to power turnup. It takes two hours or 
less to bring a hot unit on line. If it has been off line longer than 48 hours 
and allowed to cool down, it takes a minimum of 12 hours. The second turndown 
mode has quick response times and infinitely variable power levels. In this 
mode, all units remain online and power is reduced by changing the inverter 
controls and reducing the coal flow to the gasifiers. 

The total startup time from cold for the powerplant is limited to heat up 
of the fuel cell and gasifier sections and requires a minimum of 12 hours. A hot 
restart of the powerplant is expected to take about two hours or less due to the 
fact that hot components stay near nominal operating temperatures for up to 48 
hours following shutdown. 

Both complete or partial shutdown of the plant may be accomplished. For 
partial shutdown to cold condition, the inverters associated with individual fuel 
cell islands are automatically shut off and disconnected on both the dc and ac 
Sides. Simultaneously, both the coal and air feed to the appropriate gasifiers 
are stopped causing a halt in the production of synthesis gas. Steam from 
auxiliary boilers is fed to the gasifiers to control cooling rate. Residual 
combustible gases in the gasification system and gases formed during the cool 
down process are burned and vented through the flare stack. After the gasifica- 
tion vessels have cooled sufficiently, they may be depressurised. Residual coal 
and ash remaining in the vessels is removed through the ash hoppers and carried 
off through the ash slurry system. Upon removal of the electrical load, the fuel 
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cell* which are being shut down revert to open circuit condition*. We*te heat i* 
no longer being produced and the cathode recycle loop can be ahut do%m. Ute 
turbocompre**or* are ahut off and the cell* are allowed to cool alowly by natural 
convection. If faater cooling of the cell* 1* required, the fuel cell turbocon* 
preaaor aay be operated uaing it* auxiliary burner to provide cooling air to the 
cell*. When the entire plant i* to be ahut doint, the ateaa bottoaing cycle nuat 
be removed from the line. Since the atean plant i* unfired, it depend* on the 
fuel cell waste heat for process steam production. When the fuel cell* are ahut 
down, steam production stops. Residual steam may be either vented to the atmos~ 
phere or passed to the turbine condenser unit. 
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1.2 Atsestmenc of Combined Cycle Syecen^ Technology Statue 

Although the first application of gaa turbines in pouer generating systems 
occurred in Switterland in the 1930's, it was not until the late 1940* s that 
utilities in the U.S. began to use the gas turbine. By the end of 1977, there 
were 47,736 MW ot gas turbine capacity installed, approximately 8.6 percent of 
the total U.S. utility capacity. By the end of 1980, an additional 4700 MW was 
added. 

The vast majority of the installed gas turbine capacity is used in the simpl 
cycle mode as peaking units, i.e., units used less than 1200 hr/yr. In locations 
tdiere low cost clean fuel is available, simple-cycle units may be uaed for longer 
periods, perhaps even as base-load units. There are nearly 5000 MW of combined 
cycle systems installed or under construction in the United States. These units 
are usually operated in mid-ranges (1500-3000 hr/yr) although several induatrial 
cogeneration applications are base loaded. 

1.2.1 Assessment of Combined Cycle Technology Readiness Development Status 

Before projections of future gas turbine system technology can be presented, 
it is necessary to identify the characteristics of current commercial installa- 
tions and define the technology readiness and development status of gas turbines. 

It is instructive to review, at this point, several basic aspects of gas 
turbine operation. The simple-cycle gas turbine operates on the Brayton cycle 
(Fig. 1.2. 1-1). As with any thermodynamic cycle, the most important parameter is 
the peak cycle temperature, i.e., Carnot's law states that the efficiency of a 
heat engine is a function of the peak cvcle temperature and the temperature at 
which the cycle heat is rejected. In the limit this becomes 


where ■ theoretical Carnot efficiency 

Tj. ■ heat rejection temperature 
Tp peak cycle temperature 

A second important parameter is the cycle pressure ratio, i.e., the 
compressor outlet pressure/compressor inlet pressure. There exists a relation- 
ship between pressure ratio and turbine inlet temperature which allows selection 
of the optimum operating characteristics. 

In its basic form, a gas turbine consists of compressor, combustor, and 
turbine components. Typically, the compressor is constructed with one, two or 
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aorc' spools (shsfcs), depsnditm on ovsrsll comprssslon rstlo snd dsslrsd chsrac** 
tsristlcs for sngins starting snd part-load psrforasncs. Ths coabustor is 
usually dssignad for conpsct, high hast ralsass charscteris;>ics so that aounting 
directly on the engine structure is possible* Ths use of coel-derived gaseous 
fuels ( however, has led to other coabustor configurations which will be discussed 
in later sections. The turbine coaponent produces shaft work, spproxiastely 
one-half to two-thirds is used to drive the coapressor with the reaeinder avsil- 
sblc to drive the load, i.e«, the electric generator. The electric generator stay 
be coupled to the osae shaft sc the coapressor turbine (single-shaft version) or 
it My be driven by a free power turbine (two-shaft version) serodynsadcally 
coupled cc the upstresa gas generator. 

In the coabined-cycle aode, a waste heat boiler would be installed in the 
hot exhaust streaa froa the gas turbine. Steam rsised in this boiler would 
be used in s steaa turbogenerator to produce electrical power. The use of the 
steaa bottoming systea reduces the heat rejection temperature froa that associated 
with the gas turbine exhaust to a value associated with the steaa condenser. 

The result is s significant increase in efficiency. The theory of coabined 
cycle operation is treated in Appendix A* 2. A more detailed discussion of 
the stesa bottoming cycle is included in the discussions of the systea technology 
readiness. 

The following sections discuss currently available and state-of-the-art 
gas turbines and coabined-cycle systems froa the viewpoint of their perforaance 
and technology readiness. The development trends in turboaachinery components 
and materials froa the current machine through the state of the art to potential 
future machines are then described. 

1.2. 1.1 Technology Readiness - Commercially Available Equipment 

The present generation of commercially available sia; *.e-cycle gas turbiner of 
interest for utility power generation range in size froa approximately lU MW to 
nearly 13U MU. These machines have compression ratios ranging froa b.l to 14.1 
and firing temperatures from IbUU F to 210U F. They are capable of attaining 
heat rates as low as 10, Btu/kUh (32.5 percent thermal efficiency). A 
typical method of presenting perforaance for a gas turbine is showit in Fig. 

1.2. 1.1-1 for the FT4C, a nominal 30-HU gas turbine manufactured by United 
Technologies Corporation. 

The actual heat .ates incurred by currently installed gas t;;rbines display 
a wide divergence. This is due to several operating variations, e.g., a machine 
with many startups and shutdowns will have a high heat rate since the fuel con- 
suaptlon is high compared to the power generated. Also, several utilities use 
some of their turbines as synchronous condensers, therefore, essentially no 
power is generat d although fuel is being consumed. 
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FIG. 1.2.1.1-1 


NO INLET OR EXHAUST OUCT PRESSURE LOSSES 
NOTE; HEAT RATE (Hr) BASED ON FUEL LHV. 



PERFORMANCE OF FT4C 


HEAT RATE (LNV) BTU/SHP 
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The current offerings of combined^cycle systems vary from slightly over 
14.5 MW to approximately 675 MW. Ihe lover ratings are for single gas turbine/ 
steam turbine combinations ^ile the higher ratings are for multiple gas turbines 
(up to eight) and one steam turbine. The heat rates range from 7500 Btu/kWh to 
9500 Btu/kWh (45.5 percent and 35.9 percent , respectively). 

The foregoing performance values are based on the use of clean fuels. Use 
of such fuels is necessary to preserve the lifetime of combustor and turbine (hot 
section) components. All gas turbine manufacturers agree that natural gas is the 
best currently available fuel where long life of hot section parts is desired. 

It is recognized that in most areas of the country natural gas is a limited use 
fuel and for most utility installations is usually available^ at best, only on an 
interruptable basis. Natural gas costs vary considerably, e.g., $1*00/10^ Btu 
in Texas to $4.50/10^ Btu in Illinois. 

Next to natural gas, the best fuels for gas turbines are those used in air-* 
craft applications. These are the kerosene fuels, JP4, JP5, and ASTM GT No. 1 
also known as Jet A or Jet B fuels. These kerosene*base fuels, although providing 
good combustion characteristics in gas turbines, are more expensive than natural 
gas or more plentiful, lower grade fuels. Jet fuel is approximately 
$7.00/10^ Btu* Below the kerosene-base fuels in acceptability to gas turbine 
applications are fuels kno%m as diesel No. 2 and home heating No. 2. This 
latter fuel is widely used by the electric utilities as gas turbine fuel. 

Residual oil is sometimes used, but requires pretreatment . Even with this 
treatment, residual oil is not a satisfactory fuel for long-term use. The cost 
of GT-2 (No. 2 oil) varies from $1,90/10^ Btu in Texas to $6.50/10^ in 
Delaware. Residual oil (No. 6) varies from $2.30 to $4.65/10^ Btu. 

Another important aspect to be considered in the design of a gas turbine 
system is the characteristic of the load to which the system will be subjected. 
Where the unit is used for short periods at high powers with frequent starts and 
stops, it is important to have a clear understanding of the number of planned 
starts and stops in addition to the power level expected during this operation. 

In addition, it is necessary to know the rate at which the load is to be applied. 
If it is possible to load the machine at a relatively low rate and still meet 
requirements, the least deterioration of the equipment over a given operating 
period will result. If, however, a fast start is required with quick loading, it 
may be necessary to reduce the length of the overhaul period on the machine. 

For a continuously operating installation wher*^ loads will be maintained 
relatively constant, it is desirable to derate the gas turbine to power levels 
below those needed for peaking applications. Customarily, the base-load or 
continuous- load power level of an industrial gas turbine installation is approx- 
imately 80 percent of the maximum capability of the machine; however, vAtere high 
ambient temperature are expected year-round, it may be advisable to decrease this 
to 70 percent or 75 percent in order to stay within desirable turbine temperature 
levels. 
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Records compiled from the httndreds of gas turbine installations throughout 
the U.S. and the world show that the starting reliability of these machines 
range from 96 percent to 99 percent and overhaul cycle times from 8,000 to 

40,000 hours* As might be expected, those engines %diich have come up to 

40,000 hours of operation have normally been found to be lightly loaded. 

1.2. 1.1 Technology Readiness - State-of"»the-Art Gas Turbines 

The next generation of gas turbines is already in the testing phase. 
Generally speaking these turbines have a larger power output and are of heavier 
duty than the present generation. A joint design by United Technologies and 
Stal-Laval (Sweden) completed in the mid-1970*s, is representative of just such 
as engine. Known as the UTC FT50 or the Stal Laval GT200, the engine appeared 
in prototype form in 1975. At the present time only the GT200 is in production 
although several FT50 prototypes were built and run at the conditions equivalent 
to 90 MW with a heat rate of 10,000 Btu/kWh. The FT50 and the GT200 have 
identical gas generators and differ only in that the po%ier turbines operate at 
3600 rpm (60 Hz) and 3000 rpm (50 Hz), respectively. This engine could evolve 
into a 100 MW-plus power plant with heat rates in the 9500 Btu/kWh range. 

FT50/GT200 


The FT50 is a high performance industrial gas turbine consisting of a twin- 
spool gas generator and a free turbine driving the output shaft. Nominal rotating 
speeds are 3520 rpm for the low compressor spool, 4200 rpm for the high compressor 
spool, and 3600 rpm for the power (free) turbine shaft. The two gas generator spool 
systems are concentric to each other, yet mechanically independent. Each compressor 
is driven by its own single-stage reaction turbine. The hot gases from the gas gen- 
erator drive the two-stage free turbine. The free turbine converts the heat and 
kinetic energy of the gas generator exhaust to useful work energy in the form of 
shaft horsepower without the use of additional mechanical devices. 

The FT50/GT200 was designed as the state-of-the-art gas turbine for use in 
simple cycle applications such as peaking or mid-range duty. It was designed to 
handle clean fuels, i.e., natural gas or distillate oil. The engine pressure ratio 
is 16:1 and it operates at approximately 2100 F with a heat rate of slightly over 

10,000 Btu/kWh. 

The engine represents the ultimate in adapting aircraft engine technology 
to industrial applications. The multi-spool design allows each compressor and 
turbine section to operate at optimum efficiency idiile the use of the free tur- 
bine allows efficient operation at either 50 Hz or 60 Hz. 

Because of the multiple shaft design, it is necessary to have a number of 
bearings, some operating in the hot section. To facilitate engine maintenance, 
the FT50/GT200 was designed in modular fashion (Fig. 1.2. 1.1-2) %diich would allow 
the engine to be dismantled, new or rebuilt parts installed and the engine reas- 
sembled in ten working days for the longest maintenance item, combustor replacement. 
This compares to several months for other large industrial machines. 
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MODULAR CONSTRUCTION OF FT50 
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In addition to the modular construction, the FT500/6T200 uses aircraft type 
turbine cooling technologies. (The following section on Development Trends will 
cover cooling in some detail, therefore, only a brief description is. included 
here.) The technique used in this engine is known as film cooling. (k>oling air 
is circulated within the blade prior to ejection of some portion through holes 
in the blade leading edge (called showerhead cooling). A film of air is then 
formed around the blade keeping metal temperatures to the 1500->1600 F range 
while operating in a 2000 F plus environment. Coolinp, of this type requires clean 
fuels since the cooling holes can be plugged by carryover of combustion ash or 
corrosive components. 

The GT200 has run successfully on the grid of the Swedish Power Grid and 
the engine is now offered commercially by Stal-Laval. They also offer a com- 
bined cycle based upon this design with an output of 728 MW using two GT200 
engines and one turbine. The estimated heat rate for this system (on natural 
gas) is 7420 Btu/kWh. The estimated output and heat rate for the FTS0/GT200 are 
given in Figs. 1.2. 1.1-3 and 4. 

V84.3 


A second, and entirely different state-of-the-art approach to the large 
industrial gas turbine is represented by another UTC joint effort, this one 
with KraftWork Union (RWU) of West Germany. In general, European turbine 
designs have differed from the US designs in that they tended to be less highly 
stressed both aerodynamically and physically and usually operated at much lower 
temperatures, i.e., 1350-.1600 F, and thus, did not required turbine cooling. 

These machines generally were designed for base- load (5000 hr/yr or greater) 
applicat ions. 

A typical conservatively designed European machine is the KMU 94 series, a 
100-MW plus machine with a single shaft and front-end drive. The exhaust is ducted 
directly out the rear of the machne making combined-cycle application easier. The 
method of construction results in a shaft that is extremely stiff and is supported 
by only two bearings. Rather than the on-line combustion cans used by US manufac- 
tures, the KWU combustion system consists of two large externally-mounted silos. 
These combustors have proven to be extremely durable and are readily adaptable to 
a variety of fuels, including crude oil, residual and heavy synthetic liquids. 

The silo construction is also very well suited for low-Btu gas or pressurized 
fluidized bed cycles, where air must be extracted for the process. The general 
component arrangement for the KWU gas turbine and auxiliaries can be seen in Fig. 
1.2. 1.1-5. 


United Technologies and KraftWork Union have completed a preliminary design 
study as part of a potential joint venture, the object of «Aiich is to apply 
advanced UTC technology in compressor, combustor and turbine development to the 
RWU overall design. The result of such a venture would be an engine design based 
on the V94 gas turbine but with improved cost per kilowatt, heat rate and emissions 
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performance while retaining the excellent durability that KWU has experienced. 
Performance estimates of the current V94 and advanced state-of'the-art V94 and V84.3 
(60 Hs) are given in Table 1.2. 1.1-1. 

Other Engines 

At this time, there are no other industrial gas turbines tdtich have reached 
the state of technology of the FTS0/GT200. However, several manufacturers have 
uprated versions of their current commercial equipment idiich could now be ordered. 
For example. General Electric is offering an uprated version of the Frame 7 with 
a projected output of nearly 79 MU at a pressure ratio of 11.5 and an estimated 
turbine inlet temperature of 2100 F. Uestinghouse presently offers an uprated 
version of the U501, the U501D, with a rated output of 104 MW at a pressure ratio 
of 14.2 and a turbine inlet temperature estimated to be 2066 F. 

The technology readiness state of gas turbine and combined cycle systems can 
be described as mature. A number of manufacturers, U.S. and foreign, offer both 
simple- and combined-cycle power systems burning natural gas or distillate with 
satisfactory performance. State-of-the-art machines are beginning to appear and 
could be offered widely on a commercial basis by 1984. These machines could 
offer an approximate 10 percent increase in size with a five to eight percent 
reduction in heat rate. 

1.2. 1.2 Development Trends in Operating Parameters 

The following section describes the development trends in gas turbine and 
combined-cycle technology and briefly discusses the major ongoing R&D programs on 
turbine technology. 

Compressors 

Technological advances in aircraft gas turbine compressor design have 
resulted in substantial improvements in cycle pressure ratios, increasing from 
about 4:1 in the early English (National Gas Turbine Establishment) centrifugal 
compressors of the 1940's to present twin-spool axial-flow compressors (sec Fig. 

1.2. 1.2-1). A spool is commonly considered to be a compressor and connected 
turbine. The compressor or turbine may have one or more stages. Tlius, twin-spool 
compressors consist of two tandem compressors with their respective turbines that 
form two rotor systems which are mechanically independent but related aerodynam- 
ical ly. These configurations facilitate proper compressor-stage matching for 
relatively high pressure ratio designs as an alternative solution to single-spool 
compressors that would have to incorporate variable geometry stator vanes. 

The technology is available that has permitted the introduction of machines 
with pressure ratios exceeding 30:1. Proportionate increases in the number ■'f 
axial compressor stages to meet these pressure ratio requirements have been 
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TABLE 1.2. 1.1*1 

PERFORMANCE OF LARGE INDUSTRIAL ENGINES 


CouBcrcially Available State of the Art 

(KWU) (UTC/KWU) 


Model 

V94.2 

V94.3 

V84.3 

Rotor Speed , RPM 

3000 

3000 

3600 

Output, MW 

110 

161 

112 

Heat Rate, Btu/kWh 

12000 

11140 

11140 

First Conmercial Appearance 

1979 

1984 

1984 
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•voided through intensive reeeerch and developnent efforts to increase stage 
pressure ratios. For exai.^le, it is presently possible to achieve single stage 
pressure ratio of 1.2 to 1.4 tdiile still naintaining stage efficiencies of 90 
percent or more. These stage performance levels have been extended to multistage 
aircraft compressor designs and permit the attainment of average stage pressure 
ratios on the order of 1.2 to 1.3 with associated polytropic efficiencies of 
approximately 90 percent or greater. FVirther improvements in polytropic effic- 
iency to peak values of 90 to 93 percent within the next generation of engines 
appear feasible. In fact, the LP compressor of the state-of-the-art FT50/GT20C 
has achieved 90 percent and the HP compressor, 89 percent. 

Principal factors which influence stage pressure ratio are rotor tip speed 
and aerodynamic loading. Rotor tip speeds of 1100 to 1200 ft/sec are attainable 
with current advanced lightweight compressor designs, and values as high as 1400 
ft/sec are forecast for the early 1980* s. Although lightweight fan stages are in 
aircraft operation at tip speeds of 1500 ft/sec and above, high stress limits 
and supersonic Mach number operation will limit compressors to the aforementioned 
levels. 

A measurement of the aerodynamic loading is the airfoil diffusion factor 
(D^) , a parameter which includes a factor reflecting the overall change in 
relative velocity across the blade row and a term proportional to the conven- 
tional lift coefficient. High values of Dj are desirable since they result 
in a reduction in the number of compressor stages; values of 0.40 and 0.45 are 
currently obtainable. The present limit in is due primarily to excessive 
secondary flow or endwall losses and to compressor surge uiargins that are danger- 
ously low. Further improvements in tip speed and ditfusion factor will result 
from aircraft compressor research and d-velopment programs. 

The specific flow (lb/ sec per unit flow area) of axial aircraft compressors 
varies from approximately 33 to 40 Ib/sec/ft^ of frontal area. Increases in 
this parameter result in more compact designs (smaller cross-sectional area); 
however, for a given wheel speed (U^) and work coefficient, high specific flows 
and, alternatively, higher axial velocities (C^) reflect high flow coefficients 
(Cx/Ug,) and correspondingly lower compressor efficiency. 

Adaptation of these developments to industrial units has been slow because 
of the lack of incentives to undertake parallel costly development programs for 
long-life stationary gas turbine power plants. Consequently, present industrial 
gas turbine axial compressors incorporate moderate blade loadings and tip speeds 
of only 650 to 750 ft/sec, and achieve average stage pressure ratios only on the 
order of 1.1 to 1.15. As a result, as many as 15 to 17 compressor stages are 
required to produce cycle pressure ratios above 10:1. Thus, high thermal effic- 
iency performance cannot be easily achieved with these designs. The FT50 tdtich 
typifies the advanced technology engines achieves a 16:1 pressure ratio with a 
7-stage low compressor and a 10-stage high compressor. 
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Turbines 


Increases in turbine inlet operating tcaperatures through the use of 
iaproved suiterialo and cooling techniques represent the principal aMans of 
inproving the performance and increasing the output potential of future gas 
turbine designs. Although historically most of this effort was directed primarily 
toward aircraft propulsion systems, some ot the advances were eventually used to 
improve industrial designs, this trend is evident by an inspection of Pig. 

1.2. 1.2-2 idiich shows the progression of maximias operating cycle temperatures 
with time for gas turbines designed for various aircraft, industrial, and electric 
power generation applications. 

The data indicate that turbine inlet temperatures up to 2000 F arc currently 
being used in gas turbine electric power plants, and temperatures several hundred 
degrees higher are being used in commercial and military a'rcraft. Prior to mid- 
I960's, advances in materials technology traditionally accounted for a respectable 
20 to 40 F increase per year in turbine inlet temperature. Ftom the mid-1960s to 
early I970's, however, significant increases in turbine inlet temperature approach- 
ing 70 to 80 F per year, were achieved through substantial improvements in turbine 
cooling techniques in combination with newer emterials. Turbine inlet gas temper- 
atures as high as 2200 F for continuous cruise operation and 2600 F for take-off 
are now experienced by the engines utilized in today's 747 and DCIO jumbo jets. 

The projections shown in u.ai u.v 

would follow the trends of aircraft engine turbine inlet temperatures, i.e., 
increse at 50-75 F/yr. However, the rapid increase in fuel costs since 1974 have 
draaatically slowed progress in industrial engine design. This is simply due to 
a sharp decrease in turbine sales. Because of the cembination of rapid fuel cost 
increases and confused fuel policies, the utility industry essentially stopped 
purchasing gas turbines. As sales declined, R4D efforts were reduced by the 
manufacturers and emphasis was placed on reducing inventories and meeting environ- 
mental goals rather than on increasing performance. Thus, tut bine inlet tC'R st- 
atures have been essentially constant for several years. The projected increases 
shown in Fig. 1.2. 1.2-2 are based on government or utility industry funded RAD 
programs aimed at increased performance turbines for use with coal gasification. 
These programs will be discussed later. 

Improvements in turbine performance resulting from technological advances in 
aircraft turbine designs have paralleled those for the compressor, with turbine 
isentropic efficiency increasing from about 85 percent in early 1950 designs to 
over 90 percent in current designs; efficiencies of 92 to 93 percent are feasible 
in the near future, particularly in high output designs. The design philosophy 
of turbines for industrial turbine designs will incorporate a higher degree of 
impulse staging chan exists in most present designs to achieve a relatively 
large gas temperature drop in the nozzle, thus avoiding high gas temperat wes 
with corresponding high cooling flows in the rotor. The stage work for . ircraft 
turbines varies from a low of 20 Btu/lb in the last stage of low pressure ratio 
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units to a maximum of about 130 Btu/lb in the high pressure ratio stage of 
current production units; technology presently exists to Increase this value to 
about 200 Btu/lb without sacrificing turbine efficiency. 

High stage work in itself does not cause aerodynamic problems , but i^en 
associated with high efficiency it requires high wheel speeds which become 
limited by structural considerations. Turbine tip speeds in current twin-spool 
aircraft designs vary from 900 to 1000 ft/sec in the low pressure ratio stages 
to as high as 1500 to 1600 ft/sec in the high pressure ratio stages. These tip 
speeds can be achieved in future industrial-type designs that utilize the 
improved turbine materials and cooling techniques described in the following 
section. 

Problems in Advancing Gas Turbine Technology 

The most important future technological challenge to the use of open-cycle 
gas turbines for generating electric utility power is the need to develop engines 
capable of economical intermediate- or base- load service on coal-based fuels. 

Gas turbines operating with steam bottoming cycle offer the greatest potential 
for attaining this objective. 

The most important factor limiting the application of gas turbines to inter- 
mediate- and base- load services has been the modest thermal efficiencies attained 
in comparison with conventinal steam syteras. Efficiency and specific power for 
simple, open-cycle systems ciiticaix) ccpfeiiaeia ou LurDini. 
ature (Fig. 1.2. 1.2-3). The figure indicates that higher turbine inlet temper- 
atures given higher efficiencies. The specific power term indicates the amount 
of power which can be obtained from a certain size gas turbine unit and is, 
indirectly, a guide to cost, i.e., a machine with high specific power will 
generally have a lower cost in $/kW than a machine of lower specific power. 

Further significant improvements in specific power and thermal efficiency 
for gas turbine power plants can be an achieved only by increasing the turbine 
inlet temperature accompanied by an increase in the pressure ratio. Any increase 
in performance due to improvement in aerodynamic efficiencies will be small since 
these values have reached a relatively high level due to the 30 years of exten- 
sive research in compressor and turbines for aircraft propulsion. Thus, the 
major improvements in performance will result from advances in turbine cooling 
and materials. 

Turbine Cooling Techniques 

Only first stage vanes and disks of industrial gas turbines operating 
at 1600 to 1700 F turbine inlet gas temperatures are cooled. For long life, 
base- load operation at turbine inlet temperatures of 1800 F and above, successive 
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stages of turbine blades also require cooling. Cooling is necessary for two | 

reasons, strength and corrosion resistance. With current materials, metal ] 

temperatures of 1500 F-1600 F appear to be good compromise between long life 1 

and excessive cooling penalty. Turbine cooling can be accomplished with ; ^ j 

coolants such as air, water, or liquid metals, but because of the complex ^ 

cooling system designs and mechanical problems associated with liquid systems, 
air has been used exclusively as the coolant in all aircraft propulsion systems 
and for all commercially available stationary applications. i j 

\ 

Air CoclinK j 

! i \ 
' 

Turbine cooling systems in current aircraft engines have progressed from 
single convective cooling configurations incorporating cast, round, radial 
passages, for vanes (Fig. 1.2. 1.2-4) and single cavities for blades to ■ 

advanced convective heat transfer designs utilizing impingement cooling of 
the inside surface of the leading edge (ng. to tiiu cooicu i 

where a layer of coolant is injected in hollow blades through radial slots ' * 

to form an insulating air blanket for the outside blade surface (Fig. 1.2. 1.2-6). 

These designs were used in the state of the art FT50/GT200. 

In transpiration cooled blades, coolant is bled through a porous material 
which may be formed by a series of small drilled holes along the airfoil sur- ^ 

face or a mesh-like material may be used for blade construction. These designs 
are in the early stages of development and, vAien applied to 1990 time period 
turbines, could offer operation at turbine inlet temperatures approaching 
2600 F-2800 F. 

Another advanced cooling concept currently being demonstrated in test 
rigs involves the construction of turbine blades and vanes from many thin 
wafers. A series of radial wafers is fabricated with complex cooling holes 
(see Fig. 1.2, 1.2-7 for a vane and Fig. 1.2. 1.2-8 for a blade) glued together 
to form an aerodynamic shape. The complex cooling passages allow very effective 
cooling. 

Each of the cooling concepts have advantages and drawbacks. For the con- 
cepts outlined above, these are as follows: 

Radial Holes 

. Low cost 

. \ 

. Low effectiveness due to difficulty in accurate hole placement | 

. Poor low-cycle fatigue life due to poor distribution of coolant ^ 

! ’ 
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Convective Multipass 
. Moderate to low cost 
. Moderate effectiveness 

. For high temperature (2000 F plus) applications, showerhead or impingement 
cooling required for leading edge. 

Impingement 

. Moderate cost 

. Moderate effectiveness 

. Manufacturing problems 

. Tube insert subject to failure 

Transpiration 

. High cost 

. High effectiveness 

. Poor structural properties 

. Reduced aerodynamic performance 

Wafer Blade 

. Moderate cost 

. Allows design of intricate cooling scheme 
. Subject to cold rib problems 
. High effectiveness 

The optimum design will probably be a combination of techniques and 
fabrication methods. 

In aircraft engines, the air used to cool the turbine blades and vanes 
is at an elevated temperature, 800 to 1200 F, even before it is introduced 
into the turbine, since it is bled from the compressor discharge airstream. 
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Precooling the compressor bleed eir to fairly lov levels before it is used 
to cool the turbine has not been a general practice in these aircraft applica- 
tions because the added cooling system «foight detracts from Che potential gains 
in performance that might otherwise be achieved by reducing the turbine cooling 
flow. However, as industrial turbine inlet temperatures and compressor pres- 
sure ratios continue to rise and approach the limits established for proven 
turbine blade cooling techniques, precooling of Che compressor bled air Co 
400 F or lower will be considered. 

For stationary industrial power plants, air-, mter-, or even possibly 
fuel-cooled heat exchangers could be used to reduce the temperature or com- 
pressor discharge cooling air to fairly low levels since in these stationary 
applications weight is not an important criteria. Therefore, with this 
technique it should be possible to achieve desirable gas temperature levels 
on a continuous basis in base-load plants with presently available combinations 
of impingement-convection cooling techniques. 

Water Cooling 

The high effectiveness of water cooling turbine components greatly reduces 
the cooling air requirements for Che gas turbine and offers an opportunity for 
overall cycle efficiency improvement. If all the turbine airfoils and static 
structures are water cooled, only a very small percentage of engine airflow will 
be needed to cool other components such as disks and seals. 

There are Ctro types of water cooling Co be considered for stationary and 
rotating components, namely the use of supercritical water and subcooled boiling 
water as coolants (Fig. 1.2. 1.2-9). Cooling by subcooled boiling water will be 
accomplished in a closed loop. Therefore, Che heat transferred in cooling the 
turbine can be used in the steam portion of the combined cycle. Initially, 
supercritical water cooling of the blades will not be a closed loop system. 

There will be a high recirculation rate in the blade and a small mnount of steam 
exiting from the blade trailing edge. Hotrever, this will have a negligible 
performance impact. Further development of the system may produce a closed- 
loop cooling scheme with water recovery; hotrever, the recovered water must be 
cleaned before being reused as a coolant. 

Materials 


The improvements in the temperature capability of turbine materials, with 
time, for aircraft gas turbines is ehov.n in Fig. 1.2.1.2-10. The gains have 
been most significant for Che nickei-baae alloys, with an improvement of more 
than 200 F in temperature capability over the past decade. Presently, nickel- 
base cast blade alloys, such as Inconel 718, B1900, and IN-100, have in some 
aircraft turbine designs replaced forged Udimet 700 (U-700) for high-temper- 
ature applications and, at the same time, decreased thermal fatigue failures 
by a factor of five. 
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Figure 1.2.1. 2*11 <howt Che •Cress* corrupt urc screngch cf the nickel*base 
alloy IN*100 for a range of siacerial cemperaCures. Curves for 1000*, 10,000*, 
and 100,000*hr liteCiBcs are shown and iltusCrace Che sharp reduccion in allow* 
able scress as Che desired operacing ciae is increased. The 1000*hr life curve 
ia based on experimencal daca idiile Che 10,000* and 100,000*hr curves arc excra* 
polaced daca from chore duracion Cesc resulcs. Alchough chese MCerials were 
developed inicially for relacively shoic ciae (1000 hr) high*screngch aircrafe 
Curbine appl icaCions, siodificacions Co Che heaC CreaCmenC cycle have pensicced 
Cheir use fr>r long tine operacion (approaching 100,000 hr) as requir;.d in base* 
load power generacion. Ic is anCicipaced chac similar nodif icaCiona for Che 
aforeoenCioned high-cemperaCure nickel-base alloys will allow Che cvenCual 
replacenenc of such alloys es wrought UdineC 3000 and M232 presenCly used in 
induscrial turbines and, thus, permit hich operacing cemperature. 

Turbine blade materiols for induscrial designs ancicipaCed by the 1990* s 
will be Che superalloys currently under development for advanced aircraft gas 
turbines; these include unid irect ional \y solidified eutectic alloys such as 
Nk<jAl*Ni^Ct and particle or fiber dispersion-strengthened metals. On Che 
basis of efforts currently underway it is reasonable to expect a continuation 
of at least 20 P*per*year improvement in material cemperature. Chromium-base 
alloys, for instance, with potential firing temperatures to 2000 F, are being 
investigated. While recent breakthroughs in the ability to co«t columbium* 
base alloys also offer a possibility for the use of these alloys, it is cur- 
rently felt that advanced cooling schemes could, however, allow relatively low 
metal temperatures which, in turn, could allow Che use of current, less expen- 
sive materials. 

Ceramic materials such as silicon nitride and silicon carbide composites 
are under intensive study for automotive gas turbine applications and offer 
firing temperatures on the order of 2500 to 2600 F. The quality and reliability 
of ceramic materials have been greatly improved during the past decade. The 
benefits cf ceramics include intrinsically low cost, abundant material, low 
density, corrosion resistance, and high tempersture strength. Both silicon 
nitridi and silicon carbide are being studied. The uae of ceramics in gas 
turbines can be expected %ihen the industry's design systems can accoausodate 
materials that exhibit low ductility, large thermal expansion differences, and 
When stress concent nations can be eliminated by design and subsequent fabrication 

Coatings 

Coatings have been developed tdiich provide adequate oxidation-corrosion 
reaiatance for blades and vanes in aircraft turbines. These coatings are 
aluminide types, applied by pack or slurry techniques. These coatings have 
eliminated intergranular oxidation attack (which could cause a thermal fatigue 
failure) and have provided tome protection againat sulfidation attack (corrosion 
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due to the presence of sodium sulfate compounds in the combustion products of 
distillate fuels). However » coating life decreases rapidly with increases in 
allcwable metal temperatures. For instance, at a metal temperature of approx* 
imately 1500 F, a coating life of 50,000 hr may be achieved. A 200 F increase 
in metal temperature reduces coating life to less than 10,000 hr. Consequently, 
coating life rather than creep strength properties as determined by peak 
temperatures in the first-stage turbine vanes will be an important criterion 
used to specify turbine inlet gas temperature foi different power plant operating 
mode. Adequate coating life could be especially critical %ihen the fuel used in 
the engine contains quantities of ash, metals, or sulfur that coulo cause 
erosion and corrosion problems. Natural gas or low heating value coal gas, in 
this respect, would be ideal fuel for high performance gas turbines. Meanwhile, 
new coating materials and application techniques including nondiffusion-type 
coatings are being developed which, %dien applied in sufficient thicknesses, 
should provide uninterrupted service for period exceeding 25000 hr. 

Ceramics 


Ceramics will offer the advantage of large reductions in cooling heat load 
throughout the turbine system as reliable methods in incorporating brittle 
materials are developed. Early application would include stationary structures 
such as vanes, platforms and outer air seals. Because of the requirement in 
industrial machinery for long life, low cost systems, maximum metal temperatures 
must be kept low. While development of advanced cooling schemes will make this 
possible, additional advantage can result to the cycle if the heat loss could 
be avoided in part by the use of materials with higher surface temperature 
capability. Ceramics of various types offer this potential. 

The fundamental problem to solve in realizing this potential is adapting 
design procedures to an unforgiving brittle material. Two approaches have 
been followed in recent years to use ceramics in gas turbines: (1) the use of 

insulating graded ceramic coatings bonded to metal members which carry the 
structural loads, and (2) the use of bulk ceramics as high-temperature structural 
members. The problem in the first approach is to develop bonding methods and 
cooling systems %diich ensure that large differential thermal strains do not 
occur throughout the operating range. These strains could impose excessive 
stresses on the ceramic or its bond, resulting in spalling of the coating or 
crack propagation into the substrate metal. The successful application of such 
ceramic coatings have used sprayed or sintered powder ceramics bonded to rhe 
metal substrate ..hiough a ceramic/metal intermediate layer which is graucd 
form pure ceramic at the interface with the ceramic surface layer to pure metal 
at the substrate interface. 

While bulk ceramics potentially offer minimum performance penalty and low 
cost, the problems to be overcome are: (1) obtaining uniformity of material 

properties, and (2) developing design technology to r'.ovide transmittal of 
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loading throughout the ceramic and from the ceramic-to-metal structure without 
excessive stresses » even locally. A fundament^al of brittle material design is 
that failure initiated at a point of weakness or stress concentration is 
not absorbed by ductile flow but leads to a fracture. Considerable progress 
has been made toward acquiring the required materials strengths and design 
technology, however, the appearance of bulk ceramics is expected to be several 
years after that of graded ceramics. 

Combustors 


All of the currently offered large industrial gas turbines from U.S. 
manuf^.cturers have the in-line, can-type combustor (see Fig. 1.2.1.2-12). This 
combustor has a long history of development in aircraft use and has manv 
advantages; high volumetric heat release, ease of cooling, and low cost, for 
example. These advantages, however, are dependent on burning clean, high 
calorific value fuels such as natural gas or distillate. Several European 
manufacturers such as Stal-Lava? , Brown Boveri and KWU use off-base combustors. 
They are usually tall cyl indrically shaped devices sometimes called silos (Fig. 
1.2.1.2-13). The requirement to burn coal-derived fuels, both liquid and 
gaseous, and to meet new stringent environmental regulations (discussed in Task 
2) has led to development of alternative burner configurations. 

The major problem to be faced is that of reducing the emissions of nitrogen 
oxides (NO^) . There are two types of NO^ emissions, thermal due to the 
fixation of atmospheric nitrogen during high- temperature combustion; and fuelbound 
nitrogen caused NO^ due to combustion of fuel containing nitrogen bearing com- 
pounds. Unfortunately, there is not a simple way to handle both problems. 

Thermal NO^ production is a strict function of combustion temperature 
(Fig, 1.2.1,2-14). By modifying the combustion process to reduce peak temper- 
ature, thermal NO^ can be reduced. One method of doing this is to premix 
fuel and air to the desired stoichiometric ratio prior to combustion, i.e,, 
burn lean ((? * 0.6-0. 7 for example). This type of combustor modification 
affects only the combustor “head** and can be used with any type of combustor. 

A significant amount of testing on the fuel gas from a Texaco gasifier has been 
carried out by UTC using a modified can-type burner using a premix combu. tor 
head (Fig. 1.2.1.2-15). This premixed type burner has shown that it can easily 
meet standards using coal-derived fuel gases. 

To reduce fuel-bound nitrogen caused emissions, a different type of 
mLiification is required. By burning rich ((J>1), the formation of from 
fuel-bound nitrogen is suppressed. The resulting partially burned mixture is 
then quickly cooled by mixing with excess air and the combustion completed at a 
reduced temperature to ensure low thermal NO^ emissions. Testing of this 
T ich-burn/ quick quench burner (shown schematically in Fig. 1.2.1.2-16), again 
by UTC, has sho%m great promise. 
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The major development trend in combustor technology is, then, the low 
pollution burner. A second consideration is the reduction of maintenance 
and increased component lifetime. The use of the off-base, silo-type burner 
appea~« to be a method of attaining this goal. The large sise means that the 
volumetric heat release is reduced, thereby reducing the cooling necessary to 
maintain reasonable combustor wall temperature. The use of ceramic liners, 
usually segmented into tiles or other smaller shapes, further reduces burner 
wall cooling requirements. The large volume also ensures complete combustion 
of low heating valve fuels. The shape is also conducive to two-stage burning, 
i.e., the rich burn/quick quench approach. The major disadvantage is the 
increased manufacturing and erection costs. 

Steam System Development 

To this point, the steam system technology has been essentially ignored. 

This is because the steam systems used with combined cycles have generally 
lower operating parameters than the large central station syst*™s. For example, 
nearly all of the fossil-f irc?d stean stations installed in the past two decades 
opera'ie at 1000 F and 2400 psi or higher throstle conditions with reheat to 
1000 F. There is no single combined-cycle operating level although most are 
limited by gas turbine exhaust temperacures to throttle conditions of 800-900 F 
with a corresponding pressure of 1450 psi or less. 

As turbine inlet temperatures increase, there is a corresponding increase 
in exhaust temperature and, thus, steam conditions will increase. One way of 
indicating the trend in steam cycle equipment is to examine the relationship 
between turbine exhaust temperature and onount of heat transferred to the steam 
system. This is usually done through the use of temperature-heat or T-Q 
curves. In Fig. 1.2.1.2-17, a T-Q curve for a combined cycle system using a 
typical currently available bottoming steam system is shovm. A minimum pinch 
(smallest temperature difference between the gas side and the steam side) of 50 
F is usually deemed reasonable and a maximum stack temperature of 300 F is 
desirable. While this type of combined cycle is attractive, system efficiency 
can be increased by better utilizing the turbine exhaust heat. For example, a 
dual— pressure system (Fig 1.2.1.2—18) tdiich has a high-pressure and a low-pressure 
boiler section allows more steam turbine power to be generated while meeting 
the various pinch temperature constraints. 

As turbine inlet temperatures increase, and the turbine exhaust temperatures 
become higher, it is possible to use steam cycle technology comparable to that 
used in central stations. In Fig. 1.2.1.2-19, a 2400 psi, 1000 F/1000 f steam 
system is shown. This would bottom a gas turbine having a turbine inlet 
temperature over 2400 F (the exact value is a function of engine pressure 
ratio) . 
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FIG. 1.2.1.2-17 
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COMBINED-CYCLE WASTE-HEAT BOILER T-Q CURVE FOR NONREHEAT STEAM CYCLE 
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FIG. 1.2. 1.2*1 8 
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COMBINED-CYCLE WASTE-HEAT BOILER T-Q CURVE FOR DUAL-PRESSURE STEAM CYCLE 
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FIG.1.2.1.2-1C 
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The trend in eteen equipment ie such that no nev technolo|y need be 
developed. Ho%>ever, variations on waste heat boiler design will be necessary. 

Current Research and Development Efforts 

Several research and development prograns are currently underway on turbine 
cooling and materials for advanced gas turbines. The two ouijor sponsoring agen- 
cies are the U.S. Department of Energy (DOE), and the Electric Power Research 
Inatitute (EPRI), the central research organization of the U.S. electric 
utility industry. 

DOE Programs 

The major DOE-sponsored program currently underway is the "High-Temperature 
Turbine Technology Program." This program has as the objective, the development 
and demonstration of the technology to allow operation at a turbine inlet temper- 
ature of 2600 F on a coal-derived fuel, specifically low calorific value gas. 
Although the technology demonstration does not have to be at full scale, all 
technology must be applicable to machines of a nominal 100-MW capacity. 

This program has three phases. Phase 1, %dtich commenced in June 1976, 
defined an overall power plant concept and identified the approach to attaining 
the 2600 F goal. In Phase II, a two-year progran started in September 1977, 
testing of components and cooling schemes in rig scale units was to be carried 
out. The third and final phase, which was originally scheduled to last from 
September 1979 to September 1982, would result in the demonstration of a 
turbine hot section (combustor, diffusers, vanes and blades) operating on 
gasified coal. The third phase has not yet been sent to procurement. 

The four major U.S. gas turbine manufacturers, Curtis Wright, General 
Electric, United Technologies and Westinghouse participated in Phase 1. Their 
proposed schemes are as follows: 

Curtis Wright - transpiration cooling of both vanes and blades by air 

General Electric - water cooling of both vanes and blades 

United Technologies - water cooling of static structures and vanes with 
air cooled blades (film cooling) 

Westinghouse (with the assistance of the Allison Division of General 
Motors) - transpiration and film cooling by air of vanes and blades 

Only the first two manufacturers w^re refunded in Phase II; a new competition 
will be held for Phase III contractors. The results tn date in these programs 
will be discussed in Section 1.2. 2. 2, Demonstration Engine (^aracteristics. 
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A second progran currently being carried (Hit under DOE aponaorahip 
which haa applications to advanced gas turbines is the so-called "Fireside 
Corrosion" program being performed by General Electric and Babcock & Wilcox. 

The objective of this program is to identify the corrosion characteristics of a 
variety of materials suitable for use in gas turbines and in boilers %dien 
exposed to the combustion products of coal or coal-derived fuels. 

Under DOE sponsorship, the United Technologies Corporation developed a 
technology for a low-cost, high performance gas turbine for peaking services. 

This machine of nominal 10-HW capacity uses a combined axial/centtifugal com- 
pressor, patented diffuser concepts and a "wafer" blade turbine operating in 
the 2200-2400 F range . 

Specific goals for this program were to demonstrate the turbine cooling 
and high-pressure compressor technologies required to achieve thermal efficien- 
cies of 34 to 36 percent simple cycle while reducing the number of compressor 
and turbine parts 80 percent over state-of-the-art units. Heat transfer 
cascade testing of the first-stage turbine wafer airfoil cooling designs has 
exceeded design goals (1500 F maximum metal temperatures at 2500 F combustor 
exit temperature) and demonstraced cooling effectiveness levels higher than 
current production aircraft engine airfoils. Additionally, the all-convective 
cooling design eliminates Che leading edge showerhead holes tdtich would be 
susceptable to plugging in an industrial fuel environment. 

The advanced single-spool compressor employs low aspect ratio axial com- 
pressor blading and a centrifugal back end stage to achieve 18:1 pressure ratio 
at 90 percent polytropic efficiency in only 7 stages. The compressor rig tests 
results were expected during the last half of 1980. 

ARPA Programs 

The major program on advanced non-metal lie materials for gas turbines was 
Chat carried out under the sponsorship of the Advanced Projects Research Agency 
(ARPA) of the U.S. Government. A multivear program was carried out by Westing- 
house and the Ford Motor Company on the development of ceramic turbine components. 
Westinghouse was to develop ceramic stators for large industrial engines ^ile 
Ford was to develop ceramic components for automatic gas turbine applications. 

Although Westinghouse developed the technology to fabricate large cermnic 
vanes, successful long term application has not been demonstrated. The major 
difficulty appears to be the dissimilar thermal growth of the ceramic vane end 
of the metallic mounts holding the vanes. Failure occurs after only a few 
cycles. 
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Ford^ honevtr, appears to have developed the technology required to 
fabricate amaller ceramic componenta and utilise them aucceaafully in the 
several h^jndred horaepoi#er*-aise engines* 

Currently 9 Cairett Air Research is continuing this program with the 
objective of developing ceramic technology for industrial turbines of 2 
to 10 MW* 

EPRl Programs 

Additional research efforts have also been carried out under tl^e sponsorship 
of EPRI. A multiyear program beginning in 1975 on water cooling of static and 
rotating turbine parts has been performed by General Electric, Ihis program 
has as its goal « the development of gas turbines able to operate at 2600 to 
3000 f on coal^derived liquid ftiels. A small rotating test rotor with blades 
operating at 2800 F has been demonstrated by General Electric during this 
program . 

A test program on erosion/corrosion of turbine materials in coal combustion 
products and particulate-laden streams is being carried out by United Technologies 
under EPRI funding* 

The latest research program supported by EPRI is the **High Reliability Gas 
Turbine Combined Cycle Development'* program* Recognizing the benefits offered by 
the gas turbine for future utility rx>wer plants, EPRI has asked the gas turbine 
manufacturers to create a new engine design especially tailored to fill that role. 
It is envisioned that the gas turbine can be used advancageously in combined-cycle 
power plants to satisfy base/ intermediate- load generating requirements* This 
represents a shift in emphasis from the current use of gas turbines principally 
for peakers; and, it presents a more demdiding set of requirements. The gas 
turbine of the next generation must be designed primarily to operate dependably 
and reliably. Ihe new design must do this fulfilling the overall need to 

produce electric power at a low cost and exhibit increased reliability over the 
current market offering as a preeminent requirement* ITtir * To be achieved 
with minimum use of hardware development process* Rather, the new.high reliabil- 
ity machine must repres^ent the application of perfected and c?edible analytical 
uesign procedures. Westinghouse and UTC was funded by EPRI for this program* 

At this time, no release has been made of Westinghouse results* 

Ihr program has been mated with the loint venture design study that is being 
considered by UTC and the Kraftwork Union Company of West Germany* This new 60- 
cycle engine design, designated the V84.3 is an improved version of the fCWU pro- 
duction model V94.2* The changes to the compressor section include an optional 
variable inlet ^uide vane for improved combined-cycle part-load performance. The 
first four stages were redesigned for a 10 percent increase in airflow and a 20 
percent increase in pressure ratio. The turbine hot section was alrfo redesigned 
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by increasing the turbine diameter, increasing the firing temperature and 
reducing the airfoil metal temperatures. These changes significantly in* 
creased the turbine output idiile improving the hot section durability. This 
program was funded through the end of 1980 with most of the effort devoted 
to the evaluation of the UTC/RtfU engine design. 

1.2.2 Develop Data Base on Commercial and Demonstration/Pilot Systems 

A data base on commercially available gas turbines and combined-cycle 
systems is presented for the major U.S. and foreign turbine manufacturers. 

A second set of data is presented for state-of-the-art systems that are 
proposed for operation within the next several years. 

1.2. 2.1 Commercially Available Systems 

Data on commercially available gas turbine and combined cycles systems 
are given in Tables 1.2. 2. 1-1 and 1.2. 2. 1-2, respectively. Only turbines of 
10,000 kW or larger are listed. Machinery from Eastern-bloc countries have 
been omitted . 

1.2. 2. 2 Demonstration/Pilot Systems 

Projections of operating characteristics of advanced gas turbines fdiich 
could result from various DOE- and EPRI-sponsored prograns are given in 
Table 1.2. 2. 2-1. Also included are the characteristics of an advanced Westing- 
house turbine which is to be offered commercially in 1981-82. 

1.2.3 Evaluate Requiranents for Operational System/Subsystem Development and 
Testing 

The technology required for the advanced gas turbine is already under 
development. Both DOE- and EPRI-sponsored efforts previously discussed will 
provide component technologies idiich could be used in advanced turbines. A 
brief description of the status of these programs follows. 

1.2. 3.1 High Temperature Turbine Technology Progran 

The High Temperature Turbine Technology Progran (HTTTP) is a three-phased 
progran initiated in 1976 to develop to a technology readiness state the requi- 
site hot section, i. e. , combustor or turbine, components needed to operate at 
2600 F and above. The three major U.S. turbine manufacturers plus Curtis Wright 
were awarded Phase I contracts. In the fall of 1977, Curtis Wright and General 
Electric were selected to carry out Phase II development and testing. 
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Curtia Wright 

The technology path chosen by Curtis Wright uses the transpiration cooling 
by air of both blades and vanes to achieve operating temperatures of 2600 F and 
above. 

A two-shaft, 17:1 pressure ratio engine with free turbine (Fig. 1.2. 3. 1-1), 
a scaled version of the C-W 6515 turbine was selected for the basic layout. 

Cooling air from the compressor discharge is used to cool the turbine blade and 
vanes (Fig. 1.2. 3. 1-2). The air foils (Fig. 1.2. 3. 1-3) consist of a structural 
spar with spanwise radial channels to which are electron bean welded porous metal 
skins. Cooling air from the hub is fed through each of the channels and then 
through the skin. The structural spars are kept to reasonable temperatures 
(1300 F - 1500 F) and the skin, which is non-load carrying, is protected by a 
film of relatively cool air. 

Tests to date have demonstrated the capability to operate at 2600 F to 3000 F. 
These tests have been carried out using test cascades (not full engine configura- 
tions) for limited times. Only clean, liquid fuels have been used, although a 
blended fuel gas resembling low-Btu gas will be ivsted. 

The results to date have been encouraging as far as the capability of attaining 
high temperature operation is concerned. Problems with over temperature on struc- 
tural members has been resolved. 

The combustor arrangement anticipated for use with the multi-spool engine is 
annular wrap-around combustor (Fig. 1.2. 3. 1-4). (An annular configuration 
resembles a torous. There are no individual cans, just a continuous section.) 
Cooling air keeps the wall temperatures to a 1600 F maximum level. No significant 
testing has been done on this combustor concept using lo%#-Btu fuel. 

General Electric 


The technology paf i chosen by G.E. is the use of water to cool the vann 
and blades to achieve operating temperature of 2600 F. 


A single shaft 12.1:1 pressure ratio engine approximately the same size 
as the current Frame 6 was selected for the basic layout (Fig. 1.2. 3. 1-5). 
Cooling water is circulated in a closed loop for vane cooling. Water enters 
the vane from the bottom (Fig. 1.2. 3. 1-6) and exits at the top after making one 
more downward pass. 
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FIG. 1.2.3.1-6 
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The airfoils are of two different constructions. The initial vane and 
blade are of composite construction (Fig. 1.2. 3. 1-7 shows the first-stage 
blade) using copper alloy inserts with nickel alloy skins. Coolant flows 
through nickel alloy tubes. The copper alloy inserts are supported by nickel 
alloy spars. This use of the copper is to assure even heat transfer through 
the blade/vane. 

The blades and vanes tor the second stage and beyond are of monolithic 
structure and are being considered as a backup for the composite first-stage 
vanes (Fig. 1.2.3.1-b). Water flows up the blade under the influence of a 
centrifugal field. Approximately 63 percent of the blade coolant is dumped 
overboard • 

A sectoral combustor has been selected by G.E. (Fig. 1.2.3. 1-9). This 
type of combustor is a compromise between the can-type and full annular combus- 
tor in that the torus is made up of a number of sectors, each with its own fuel 
system. In the G.E. system, the combustor is equipped with oil nozzle for 
startup and part load assistance. 

General Electric has had good success with the water cooling. The vanes 
present no problems from the cooling view point although there have been 
structure problems. Water cooling of the blades has been demonstrated, but it 
appears that the monolithic structure is structural superior to the composite 
structure. Water purity requirements are high (deionized boiler teed water) 
and the water is lost overboard. None of these are unsurmountable problems. 

1.2.3.2 High Reliability Gas Turbine Program 

The High Reliability Gas Turbine Program (HRGT) was initiated by EPRl 
in 197b with the objectives of defining those areas in gas turbine and combined- 
cycle design that have had poor records for reliability and identifying design 
changes to increase the system reliability to levels as least as good as steam 
turbine system. Three contractors, Gt, United Technologies and West inghouse , were 
selected. This program is an ongoing program, and no reports have been released 
by EPRl to date. Discussion centers on the UTC contribution. 

The engine selected as the starting point of the HRGT program was the 
V84.3, the engine which would result from the UTC/KWU joint venture. This 
engine is a single shaft, two bearing engine with a pressure ratio of 12.1 
(Fig. 1.2. 3. 2-1). In line with the EPRl philosophy of high reliability through 
extension of state-of-the-art technology, the turbine rotor inlet temperature 
of this machine would be 212U F (combustor exit 221U F) and the output will be 
12U MW. Compressor discharge air is used to convectively cool the vanes and 
blades. Hie first stage vane cooling is shown in Fig. 1.2. 3. 2-2. The leading 
edge of the blade is cooled by air tlowing radially in a channel formed by an 
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FIG. 1.2.3.1-7 
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FIG. 1.2.3. 1 ~8 
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FIG. 1.2.3.1-9 
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insert and the airfoil wall. Trip strips enhance the heat transfer. Tne 
trailing section of the blade is cooled on the suction side in the same manner 
except the flow is chordvise. The pressure side is cooled partially by impinge* 
ment and partially by channel flow. There are no holes in the blade to plug up 
due to dirty fuels. The first stage blade is also convectively cooled by 
radially flowing air (Fig. 1.2. 3. 2*3). 

TWo types of combustors have been considered for this engine; the conventional 
(by U.S. standards) in*line can*type combustor and the off*base silo*type combus* 
tor. The silo*type combustor (Fig. 1.2. 3. 2-4), while initial ly more expensive 
offers advantages of high reliability, both for the combustor and for domstream 
elements and ease of tailoring for different fuels and for emission control. 

All the elements of the HRGT program are either state-of-the-art or limited 
extensions thereof. These design features could be incorporated into engines 
%^ich could appear in the 1984-85 time frame. 

1.2. 3.3 Potential Problem Areas 

The major problem facing the use of gas turbines for base- load utility 
systems is a perceived lack of reliability. Thus, programs aimed at quantum 
jumps in technology may not achieve their goal of producing technology accept- 
able to the market. It must be understood that it is the market, and not 
technology, which will make the concept of advanced power systems a reality. 

Unless the industry accepts the product and furnishes enough money through 
purchases to amortize the hundreds of millions of dollars required to develop 
technology, the rate of progress will be very slow. 

This problem is excebated by the fact that the quantum jvnps in technology 
do not necessarily result in quantum jimps in performance. For example. Fig. 

1.2. 3. 3-1 shows the performance for three levels of technology. The 2400 F and 
3000 F performance levels differ by less than two percent; however, the 2400 F 
level of technology is only a modest extension of the state-of-the-art v^ereas 
the 2400 F/3000 F technology, as currently structured, requires quantun advances. 

The combined -cycle systems using advanced technology gas turbines will compete 
against conventional steam stations with flue gas desulfurization (FCD) having 
performance levels of 35 percent or less, and against nuclear plants having 
performance of 32-33 percent. Thus, extracting the last bit of performance out 
of the system at the expense of very high RAD costs and potential reliability 
problems does not appear an attractive scenario. 
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FIG. 1.2.3.2-4 
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FIG. 1. 2.3.3- 1 
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The path appearing most attractive would increase turbine temperatures 
through modest extensions of state-of-the-art techniques. Thus» one could en- 
vision air-cooled 2200 F turbines in the 1984-85 time frame followed by air- 
cooled 2400 F turbines in the 1988 time frame and, ultimately, air-cooled 2600 F 
turbines in the 1995 time frame. The use of air cooling throughout would allow 
updating of already installed machines at relatively low cost. The substitution 
of a different cooling medium would increase any retrofit costs substantially. 
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2.2 Description of Advanced Combined-Cycle Systems 

The operating characteristics of advanced gas turbine systems and combined- 
cycle systems are described and, where pertinent, system design schemes presented. 

The baseline technology to be used in subsequent tasks is described. 

2.2.1 Establish Operational Characteristics 

The operational characteristics of commercially available and projected engines 
have been tabulated in Section 1.2. In addition to these characteristics, the require- 
ments for fuel in t^rms of cleanliness will be presented and the environmental 
standards which current ly have to be met by gas turbines will be discussed. 

2. 2. 1.1 Gas Turbine/Combined Cycle Operational Characteristics 

Based upon the results of Task 1.2, the ranges of probable operating charac- 
teristics for advanced gas turbine and combined cycle power plants are given in 
Table 2. 2. 1.1-1. 


The opcrat ion of combined-cycle systems is routinely accomplished with no 
hazards beyond those associated with rotating machinery and high-temperature steam. 
Potential air pollution problems can be avoided by meeting the EPA standards for 
gas turbine operation described in Section 2.2. 1.3. 

2. 2. 1.2 Fuel Requirements 

The gas turbine has often been touted as being able to run on nearly any fuel 
from peanut oil to blast furnace gas. While it is true that these fuels may be 
burned, the reliability and lifetime of the turbine are direct consequences of fuel 
charac ter ist ics . 

Because of severe corrosion problems encountered when alkali metals, vanadium, 
sulfure, etc., are present in the fuel, there are strict requirements for fuel clean- 
liness. Erosion due to ash or other particulate carryover can also be a problem 
and thus, there is a limit on particulates. 

Specifications for liquid and gaseous fuels are given in Tables 2. 2. 1.2-1 and 
-2, respectively. It must be noted that there are no act\inl specifications for 
coal-derived gaseous fuels. The values in Table 2. 2. 1.2-2 are based upon extrapo- 
lation of high Btu requirements or maximum allowable concent rat ions to meet pollu- 
tion regulations. 

2. 2. 1.3 Emission Standards for Gas Turbines 

The emission standards for gas turbines are given in Table 2. 2. 1.3-1. Included 
for comparison are the steam station regulations. Combined-cycle plants must meet 
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TABLE 2. 2. 1.1-1 

RANGE OF OPERATING CHARACTERISTICS CF ADVANCED 
GAS TURBINE AND CONBINED CYCLE SYSTEMS 


Gas Turbine 


Output, MW 
Flow rate, Ib/sec 
Pressure ratio 
Turbine Inlet Temp, F 
Metal Temp., F 
Exhaust Temp., F 
Heat Rate, Etu/kWh 

Steam Turbine 


Output, 
Pressure, psi 
Temp., F 
Type 


Combined CX'cle 


Output, 

Heal Rate, Btu/k'«'h 


75 - 140 
300 - 900 
12 - 17 
2200-3000 
1100 - 1600 
1000 - 1150 
9500-10500 


100 - 400U) 

1000 - 2400^2) 

850 - 1000 
Reheat, multi- 
pressure 


300 - 1000^3) 
6200 - 7500(^> 


(1) Not limited by technology. One to foui gas turbines will provide waste 
heat to generate steam for one steam turbine. 

(2) Pressure level fixed by optimizing overall system. 

(3) Multiple engines and one steam turbine. 

(4) Based on clean fuel delivery to gas turbine. 
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TABLE 2. 2. 1.2-1 
LIQUID FUEL SPECIFICATIONS 


Property 

Dlstlllate^^^ 

Heavy 011^^^ 

Net Heating Value, Btu/lb 

18400 

18400 

Sulfur, vt X 

l(3) 

l(3) 

Metal Contaminants, ppm 



Vanadium 

0.5 

0.5 

Sodium plus Potassium 

1.0 

1.0 

Calc ium 

2.0 

2.0 

Lead 

1.0 

1.0 

Initial Ash Sticking Pt . , F 

1652 

1652 

Ash, ppm 

50 

50 

Carbon-Hydrogen Ratio 

No Limit 

No Llmit^^) 

(1) All JP-type fuels, diesel 1 and GT-1, diesel 2 and GT-2, 
late-type cuts of coal derived liquid fuels. 

GT-3 and distil 

(2) CT-3, residual No. 5 and 6, 

cuts of coal derived liquid 

Bunker C and heavy cracks or 
fuels. 

heavy oil-type 

(3) Air pollution requirements 

reduce this to a maximum of 0 

.81; S content. 


(4) The lowest C/H ratio is recommended. 
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Property 

Heating Value, Btu/ft^ 
Sulfur 

Metals 

Vanadiur. 

Sodlun plus 
Calciur* 

Lead 

Copper 

Part iculat es 


TABLE 2. 2. 1.2-2 
GASEOUS FUEL SPECIFICATIONS 

High 

950 - 1200 
1.8 mol. 


<0.2 ppm (vt) 
<0.6 ppm (wt) 
<0.1 ppm (wt) 
<0.1 ppm (wt) 
<0.2 ppm (vt) 
< 0.08 lb/10^ 


Low 

100-350(3) 

< 0.075 mol Z or less 
than ^r<ount required 
to form 0.6 ppm alkali 
metal sulfates(^^ 

<0.03 ppm 
See sulfur spec. 

< 0.012 (wt) 

< 0.012 (wt) 

< 0.025 (wt) 

0-3U <0.025 gr/ft3 

4-5-i <0.03 gr/ft^ 

>5u <0.0036 gr/ft^ 


(1) P^aA Specification 527 

(2) There are no definitive specifications for low-Btu fuel gas. The values 
listed are suggested values based upon extrapolation from natural gas or 
ot her consider at ions. 

(3) Fuel gas with heating values less than 100 Btu/ft^ and greater than 350 Btu/ft^ 
have been successfully combusted. The range listed encompasses the majority 

of coal-delivered fuels. 

(4) Does not meet pollution requirement of 0.45 mol X. 

(5) Based on typical 150 Btu/ft^ fuel. 
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TABLE 2. 2. 1.3-1 
D’lSSIONS REGULATIONS 


Pollutant 

Gas Turbine 


Coal-Fired Steam 

Sulfur 

0.015 mol X SO 2 
(0.9 lb SO 2 /IOO 
or 0.8Z (wt) S 
fuel 

Btu) 

in 

1.2 lb SO /IO 6 Btu max with 
90Z reduction over uncontrolled 
level 

Nitrogen Oxides 

0.0075 to 0.0125 mol X 
0.31 to 0.52 lb /106 

0.5 lb/10^ Btu for sub-bituminoui 
or coal-derived fuels; 0.6 lb /10 
Btu for other coals 

Particulates 

No standard 


0.03 lb /106 Btu 
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the gas turbine regulations unless the steam portion Is supplemently fired. Then || 

the gas turbine must meet the turbine specifications while the steam portion must 
be treated as a fired system and meet the required regulations for oil- or gas-fired 
steam stations. 

2.2.2 Summarize System/Subsystem Design 

ii 

The gas turbine-based combined-cycle power system is shown in schematic form .1 

in Fig. 2. 2. 2-1. A range of operating parameters is included in Fig. 2. 2. 2-1 
corresponding to the values given in Table 2. 2. 1.1-1. Tj 

il 

Subsystem drawings for the gas turbi.'es have been shown in Section 1.2.3, while 
a front view giving combustor details is shown in Fig. 2. 2. 2-2. A subsystem draw- * ■ 

ing of the steam bottoming cycle is shown in Fig. 2. 2. 2-3 while details of the steam I I 

turbine are shown in Fig. 2. 2. 2-4. 

I' 

2.2.3 Describe System Baseline Technology ' 

The data presented in Tasks 1 and 2 on gas turbines and combined-cycle systems ' . 

have a wide range from which to select a baseline technology. There are, however, ' ' 

guide lines for selection which can be used. These are: 

: ■ 

• ! 

. date of appearance 1 ; 

. likelihood of technology attainment 

. acceptance by utility market place 1 

All of these are interrelated and are, unfortunately, subjective in nature. 

The advanced gas turbines are being developed, for the most part, as power 
systems for use with coal-derived fuels. While there will continue to be a market 
for petroleum-fired systems in several parts of the world, the major manufacturing | 

nations are anticipating the need for synthetic fuels. At this time, only one 
demonstration combined-cycle plant using coal-derived fuels is in operation although 
several more are planned. Thus, it appears that it will be the end of the 1980 I 

decade before there will be a market for these engines. 

With a target date of 1988, it is possible that the goals of the HTTTP will be j 

met, i.e., turbine inlet temperatures of 2600 F or higher will have been demonstrated. , i 
Given, however, the state of the present government and industry R&D funding and the 
state of the marVatplace, it is improbable that such technologies w’iJl be deemed ‘ 

commercial. Thi . means that there could be demonstration plants (or units) operat- ' 

ing at these advanced levels but no deliveries of equipment with warranted perfor- 
mance. , ! 

1 

i 

According to the R&D pith being followed by EPRl , the most important require- 
ment for utility acceptance of gas turbine is reliability. The utility industry 1 
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appears convinced that combined-cycle power plants could offer superior performance 
compared to conventional alternatives. Their widespread acceptance« however, even 
at modest technology levels is predicated on the demonstration of reliability similar 
to that of alternative plants. 

With the foregoing discussions in mind, it would appear that the selection of 
technology for the gas turbine should be a compromise between the HTTTP levels and the 
EPRl HRGT levels. This would be an engine using technology which is a logical pro- 
gression from that in the HRGT towards that possible in the HTTTP. Based on this, 
an uprated version of the UTC engine proposed for the EPRI HRGT program has been 
projected. The operating characteristics of this engine are: 

Flow rate - 860 Ib/sec 

Pressure ratio - 12 

Turbine inlet - 2400 F 

Power output - 140 MW (nominal) 

To achieve these ooeratinc characteristics will require an increase in the 
turbine cooling effectiveness previously discussed in Section 1.2. 3.2. It will also 
requl^'e a low-emission combustor to meet stringent emission levels. 

2.2. 3. 1 ( oppressor 

The compressor will consist of 16 stages giving an overall pressure ratio of 
12:1. Variable inlet guide vanes will be used to allow good start up and part-load 
operation. 

2. 2. 3. 2 Combustor 

The silo-type combustor will be utilized. In order to meet the requirements 
for low-NOj^ emissions, the combustor head will be redesigned to use the rich-lean 
burn concept. This concept meets NO^ regulation without tlie use of water injection. 

As applied to gaseous fuels, the concept is shown in Fig. 2.2. 3-1. Because of the 
large size of the silo-burner, it is relatively easy to achieve a tailored combus- 
tion pattern. 

2.2. 3. 3 Turbine 

A four-stage turbine would be used. The major change required is in the type 
of blade/vane cooling. Rather than the monolithic blade with internal cooling 
passages, a bonded blade would be used (Fig. 2. 2. 3-2). The use of the multi-piece 
blade will allow much closer control over coolant channel dimensions and locations, 
thus allowing metal temperatures to remain at the desired level at higher firing 
temperatures but with no appreciable increase in cooling flou. 
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2.2. 3.4 Combined Cycle System 

A schematic of the baseline combined-cycle system is shown in Fig. 2. 2. 3-3. 

The operating characteristics and estimated performance are given in this figure. 

A two engine module has been selected for presentation. Any multiple o^ engines may 
be used. Each would have its own heat recovery steam generator feeding into a 
central steam turbine. 
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3.2 Evaluation of Coal-Derived Fuels for Advanced Combined-Cyle 

Power Systems 

The objective of this task is to determine the overall power plant efficiency 
of a combined gas turbine and steam turbine (combined-cycle) system using medium- 
Btu gas delivered to the power plant via pipeline. The properties of the gas 
delivered to the power plant will be obtained and any further processing, if 
necessary, will be identified. Based upon the fuel gas characteristics, the 
performance of the combined cycle power plant will be described. 

3.2.1 Definition of Fuel Gas Requirements 

A description of the suggested fuel gas properties for coal-derived gases 
was prepared as part of Task 2.2.1 and presented in Table 2.2. 1.2-2. As mentioned 
in the description, the allowable quantities of alkali metals and other heavy 
metals must be quite low. This should not pose a problem, because these low 
levels are attained during the low-temperature c? ?a***jp associated with sulfur 
removal (Refs. 3. 2.-1 and -2.). 

The oxygen-blown Texaco and British Gas Corp. (BGC) slagging gasifiers were 
selected as the gasifiers to provide medium-Btu fuel gas for transport in pipelines 
to the power generation site. Properties of the fuel gas from each of these 
gasifiers, based upon Ref. 3. 2. -3, are given in Table 3. 2. 1-1. The total sulfur 
content of 100 ppm (H 2 S ♦ COS) is that agreed upon by NASA and the Contractor 
(Ref. 3.2-4) as being typical of pipeline quality fuel gas. 

The combustor pressure is 175 psia so that the fuel delivery pressure at the 
power plant boundary must be 173 psia plus that required for the fuel control 
system. For medium-Btu fuel gases, an overall pressure drop of 75 psi between 
the power plant boundary and the combustor is adequate. Thus, a pressure of at 
least 250 psia would be required at delivery. It is anticipated that the Texaco 
and BGC gasifiers would be operated at pressures well beyond this value. 

Fuel delivery temperature is not critical unless it is low enough to allow 
condensation. For the moisture content given in Table 3. 2. 1-1, temperatures 
should be above 75 F. An average temperature of 86 F has been assumed. An upper 
limit on temperature is set by the valves and seals in the fuel controls and is 
well beyond any value typically associated with pipeline delivery of gas. 

The required flow rate of fuel gas is a function of heating value and 
engine power levels. For a single engine at design point operations (nominally 
150 MW), the flow rate for gas from the Texaco gasifier would be 309,850 Ib/hr 
while that from the BGC would be 215,530 Ib/hr. 
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3.2.2 Identification of Power Generation Facility 

The combined-cycle power system has been described in Section 2.2.3. The 
use of medium-Btu fuel gas does not require any additional equipment although 
individual equipment will vary in sire and output depending on the fuel. A general 
schematic for the combined cycle power plant is given in Fig. 3. 2. 2-1. In brief, 
the operation is as follows: 

Air (Steam 1 in Fig. 3. 2. 2-1) is compressed to approximately 175 psia 
in the gas turbine compressor. Upon exiting the compressor, a small fraction of 
the air is sent to the turbine for turbine vane/blade cooling while the remainder 
is used for combustion. Fhe combustion products are expanded and the exhaust 
steam (3) is split into two streams and used to superheat steam (4) and to 
reheat steam (3). The exhaust streams are rejoined (6) in the boiler, pass 
through an economizer, the boiler for deaeration steam, and finally exit through 
the stack (9). 

Condensate (10) is pumped to a low-pressure deaerator, and then pumped to 
boiler pressure before entering the economizer (16). From the economizer, the 
high-pressure water enters the boiler where it is changed to saturated steam (18). 
The steam is superheated, expanded to an intermediate pressure (20) and then 
reheated (21) prior to complete expansion in the intermediate- and low-pressure 
turbines (22). 

The flow conditions (heat and mass) vary for each type of fuel gas. A heat 
and mass balance for the Texaco fuel gas system, based on one engine, is given 
in Table 3. 2. 2-1 while that for the BGC system is given in Table 3. 2. 2. -2. 

Material balances corresponding to these are given in Table 3. 2. 2-3 and 3. 6. 2-4 
for the Texaco and BGC systems, respectively. 

Because of the modularity of the combined-cycle system, an actual power plant 
could consist of a number of gas and steam turbines. However, the basic building 
block would be two gas turbines with two waste heat boilers generating steam for 
one steam turbine. The nominal output of the module would be 430 MW. 

The estimated performance for this basic module for both fuel gas types is 
given in Table 3. 2. 2-5. The estimated performance of a distillate-fueled system 
is given for comparisons. The performance levels for all three fuels are comparable 
at approximately 50 percent. The differences are mainly due to the differences 
in mass flow rate through the engines. The fuel flow for the distillate fuel 
represents approximately 2.5 percent of inlet flow; for the Texaco, 10 percent; 
and for the BGC, 7 percent. 
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TABLE 3. 2. 1-1 


GAS COMPOSITIONS 



Texaco 

Gas 

BGC 

Gas 

Element 

Moles/hr 

Vol. X 

Moles/hr 

Vol. X 

CH 4 

15.0 

0.1 

935 

8.4 

H 2 

5394 

35.6 

3414 

30.6 

CO 

7940 

52.4 

6515 

58.5 

CO 2 

1629 

10.8 

217 

1.9 

H 2 S 

+ 

— 

100 ppm 



100 ppm 

COS 

N 2 

124 

0.8 

50 

0.5 

At 

22 

0.2 

<1 

0 

H2O 

15 

0.1 

11 

0.1 


15139 

100.0 

11142 

100. 0 


Heating Valuess, LHV 



LHV, Btu/scf 

267.5 

349.1 

LHV, Btu/lb 

4949 

6825 
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FIG. a2.2-1 
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TABLE 3. 2. 2-1 


HEAT AND HASS BALANCE FOR COMBINED CYCLE 
POWER SYSTEM USING TEXACO COAL-DEKIVEO FUEL 


Station Ntunbar 


Tamperatura (*F) Praaaura (Paia) 


Flow (Ib/aac)^^^ 


1 

59 

14.7 

660.0 

2 

100 

175.0 

66.1 

3 

1191 

14.6 

946.1 

4 

1191 

14.6 

620.0 

5 

1191 

14.6 

326.1 

6 

907 

14.6 

946.1 

7 

716 

14.6 

946.1 

e 

447 

14.6 

946.1 

V 

364 

14.6 

946.1 

10 

101 

1.2 

132.4 

11 

101 

30.0 

132.4 

12 

101 

30.0 

114.3 

13 

101 

30.0 

16.1 

14 

101 

30.0 

16.1 

15 

250 

30.0 

132.4 

16 

255 

2644. u 

132.4 

17 

6ob 

2474.0 

132.4 

18 

666 

2474.0 

132.4 

19 

1000 

2400.0 

132.4 

20 

656 

600.0 

132.4 

21 

lOUG 

540.0 

132.4 

22 

10^ 

1.2 

132.4 


(1) All flow values are for one engine. 
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TABLE 3. 2. 2-2 


HEAT AND MASS BALANCE FOR COMBINED CYCU 
POWER SYSTEM USING BGC GOAL-DERIVED FUEL 


Station Number 


Temperature (*F) Pretaurc (Paia) 


Flow (ib/aec)^^^ 


1 

59 

14.7 

860.0 

2 

100 

175.0 

59.9 

3 

1179 

14.6 

919.9 

4 

1179 

14.8 

603.5 

5 

1179 

14.8 

316.4 

6 

902 

14.8 

919.9 

7 

716 

14.8 

919.9 

6 

454 

14.8 

919.9 

V 

373 

14.8 

919.9 

10 

101 

1.2 

125.3 

11 

101 

30.0 

125.3 

12 

101 

30.0 

106.1 

13 

101 

30.0 

17.2 

14 

101 

30.0 

17.2 

15 

250 

30.0 

125.3 

16 

255 

2644.0 

125.3 

17 

66 b 

2474.0 

125.3 

16 

666 

24 74.0 

125.3 

19 

1000 

2400.0 

125.3 

20 

657 

600.0 

125.3 

21 

1000 

540.0 

125.3 

22 

106 

1.2 

132.4 


(1) All flow values are for one engine. 
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TABLE 3. 2. 2-5 

PERFORMANCE ESTIMATES FOR COMBINED-CYCLE SYSTEMS 


Fuel Type: Distillate Coal Derived 


No 

. 2 Oil 

Texaco 

BGC 

Gaa Turbine: 

Flow Rate, Ib/sec 

860 

860 

860 

Pressure Ratio 

12 

12 

12 

Combustor Exit Temp., °F 

2400 

2400 

2400 

Exhaust Temp., °F 

1162 

1192 

1179 

Stack Temp., °F 

387 

364 

374 

Turbine Area, In^ 

483 

521 

506 

Fuel System: 

Flow Rate, Ib/hr /engine 

74758 

309850 

215550 

Heating Value, Btu/lb (LHV) 

18476 

4948 

6826 

* 

Combined Cycle Performance : 

Gas Turbine Output, MW (2 engines) 

271.4 

306.8 

292.8 

Steam Turbine Output, MW (1 turbine) 

143.6 

165.4 

156.2 

Utility Losses, MW (per engine) 

6.2 

7.1 

6.7 

Total Net Power, MW 

402.2 

458 

435.6 

Heat Rate, Btu/kWh (LHV) 

6865 

6696 

6755 

Efficiency, X 

49.7 

51.0 

50.5 


* Steam System: Single pressure, 2400 psla/1000°F/1000°F 

Condenser Pressure ■ 2.5 in. 
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The additional flow rata due to the large amount of medium-Btu fuel 
could require modificationa to the gas turbine to ensure that no mismatch between 
the turbine and compressor occurs. Usually, if flow area differences are leaa 
than 10 percent of the design basis (the distillate case), the changes can be 
accommodated by adjustment of turbine components. Larger differences could 
require redesign of the turbine. The turbine areas listed in Table 3.1.2**S 
indicate that no redesign would be necessary. 
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4.2 Evaluation of Integrated Gasification Coe^ined-Cycle Power Systewe 

The objective of thia teak ia to determine ^e overall power plant 
efficiency of an integrated gaaification combined-cycle (IGCC) potwr plant. Two 
typea of gaaifiera will be conaidered and the performance of the two reaulting 
IGCC power planta will be compared. Plow aheeta for the gaaifiera, the oxygen- 
blown Texaco and Britiah Gaa Corp. alagging typea, are thoae previoualy developed 
by Che contractor as agreed upon by HASA and the contractor (Ref. 4.2-1). 

4.2.1 Identification of IGCC Power Plant with Texaco Gasifier 

The combined-cycle power aystem identified in Section 2.2.3 will be used 
as the basis of the IGCC power plant. The operating conditions are the saise but 
the equipment output differs because of differing steam loads in the IGCC power 
plant. A schematic for the Texaco-baaed IGCC is given in Fig. 4. 2. 1-1. 

In brief, the operation is as follows. Similar to the conventional combined- 
cycle plant of Section 2.2.3, air (Steam 1 in Pig. 4. 2. 2-1) is compressed to 
approximately 175 psia in the gas turbine compressor. Upon exiting the compressor, 
a small fraction of the air is sent to the turbine for turbine vane/blade cooling 
while the remainder is used for combustion. The combustion products are expanded 
and the exhaust stream (30) is split into two streams and used to superheat steam 
(31) and to reheat steam (32). The exhaust streams are rejoined (33) in the 
boiler. They then pass through economizers and the deaerator finally exiting 
through the stack (37). 

Both the steam system and the fuel system differ from the conventional plant. 
Water from the condenser (38) is pumped to a low pressure and split into two 
streams. Stream 40 is further pumped and heated against the fuel gas stream (Qj^) 
to furnish process steam for use in the cleanup system. The other condensate 
stream (43) is heated aainst the fuel gas stream, then used to deareate the 
remaining flow prior to final pumping to boiler inlet pressure before the fist of 
two economizers (47). After this economizer, the stream is again split with a 
small stream being used to raise LP steam for process use %rhile the majority 
passes through the second economizer (54). This stream is then split, some going 
to the waste heat boiler behind the gas turbine (55) and some to the heat recovery 
boiler in the fuel gas stream (56). These streams rejoin, pass through the 
superheater and are expanded in the high-pressure steam turbine. After reheating 
the steam is sent to the intermediate pressure turbine (67) with a side stream 
being separated to drive the air and oxygen compressors in the air separation 
plant (66). After full expansion in the low-pressure turbine, the steam enters 
the condenser ( 70) . 
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FIG. 4.2.1-1 
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The fuel gee eterte ee e coel>weter elurry (5) and oxygen (4) feede to the 
gaeifier. After gaeificatlon, the fuel gae etraan ia aplit, one atreaB being 
water quenched (13) to remove elag while the other paeaes throu^ a boiler (8), 
then a fuel gaa regenerator. Prior to going throu^ the boiler, the hot gaa 
temperature ia awderated by a recycle atream of cool gaa (18). The fuel gaa ia 
aubaequently cooled, aulfur removed and then reaaturated and reheated prior to 
expanaion in a turboexpander (25) down to combuator preaaure. 

The heat and auiaa balance for the Texaco*baaed IGCC ia given in Table 
4.2. 1-1 (flow ia for one engine). Material balancea are given in Table 4.2. 1-2 
(again baaed on one engine) 

Becauae of the modularity of the co^ined-cycle ayatem, an actual power plant 
could conaiat of a number of gaa and ateam turbinea. However, the baaic building 
block would be two gaa turbinea with two waate heat boilera generating ateam for 
one ateam tubine. The nominal output of the module would be 475 MW. 

The coal gaaification ayatem ia coatly and benefite from acale and replication, 
thua, it ia probable that the 475-MW module would be the minimum siae plant. A 
more typical plant would probably conaiat of two auch modulea, i.e., four gaa 
tubines and waate heat boilera feeding one ateam turbine. Such a ayatem would 
require ten gaaifiera (two apares). The eatimated performance for auch an IGCC 
plant ia given in Table 4.2. 1-3. 

4.2.2 Identification of IGCC Power Plant with Britiah Gaa Corporation Gaaifier 

The IGCC power plant uaing the BGC gaaifier ia aimilar to that uaing the 
Texaco gaaifiera (Fig. 4. 2. 2-1 ahowa a achematic) except for variationa in the 
ateam raiaing aectiona. 

Becauae of the lower exit temperature from the gaaifier and the need to 
remove tara and aolid carryover, there ia no waate heat recovery boiler in 
the gaaifier exit atream (atream 41 - Fig. 4. 2. 2-1). Rather, the heat removed 
from thia atream prior to deaulfurixation ia uaed to reaaturate the fuel gaa 
after cleanup. All the ateam for power generation and proceaa uae ia raiaed in 
the gaa turbine exhauat, with the exception of a email amount of proceaa ateam 
raiaed in the gaaifier jacket. 

A heat and maaa balance for the IGCC powerplant with the BGC gaaifier ia 
given in Table 4. 2. 2-1 and a material balance in given in Table 4. 2. 2-2. The 
performance of thia ayatem ia given in Table 4. 2. 1-3. 




TABLE 4. 2. 1-1 

HEAT AND MASS BALANCE FOR GAS TURBINE COMBINED CYCLE POWER PLANT 
USING TEXACO OXYGEN-BLOWN GASIFICATION SYSTEM 


Station Niuiibar 


Tamparature (<>F ) Praaaure (pa la ) Plow (Ib/aac ) 


1 

59 

14.7 

860.0 

2 

655 

175 

723.5 

3 

60 

17 

39.3 

4 

300 

588 

39.3 

5 

140 

588 

70.2 

6 

2400 

588 

102.2 

7 

2400 

588 

92.0 

8 

1850 

588 

128.7 

9 

1200 

567 

128.7 

10 

729 

567 

128.7 

11 

515 

567 

128.7 

12 

407 

567 

128.7 

13 

2400 

588 

10.2 

14 

400 

567 

14.4 

15 

406 

567 

143.1 

16 

352 

567 

146.8 

17 

352 

567 

36.7 

18 

361 

588 

36.7 

19 

283 

567 

93.4 

20 

121 

552 

86.1 

21 

105 

552 

86.0 

22 

70 

541 

80.1 

23 

105 

552 

6.0 

24 

300 

536 

90.3 

25 

1000 

528 

90.3 

26 

748 

225 

90.3 

27 

2400 

165 

813.8 

28 

1194 

16.3 

950.3 

29 

1194 

14.7 

580.7 

30 

1194 

14.7 

369.6 

31 

818 

14.7 

580.7 

32 

818 

14.7 

369.6 

33 

818 

14.7 

950.3 

34 

721 

14.7 

950.3 

35 

542 

14.7 

950.3 

36 

357 

14.7 

950.3 

37 

300 

14.7 

950.3 

38 

108 

1.2 

191.0 


(1) All flow values are for one engine 
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TABLE 4. 2.1-1 (Cont'd) 

HEAT AMD MASS BALANCE FOR GAS TURBINE COMBINED CYaS POWER PLANT 
USING TEXACO OXTGEN-BLOUN GASIFICATION SYSTEM 


39 

108 

30 

191.0 

40 

108 

30 

4.8 

41 

108 

115 

4.8 

42 

108 

115 

4.8 

43 

108 

30 

186.2 

44 

178 

30 

186.2 

45 

178 

30 

172.8 

46 

178 

30 

13.4 

47 

250 

30 

13.4 

48 

250 

30 

186.2 

49 

255 

2837 

186.2 

50 

485 

2837 

186.2 

51 

485 

2553 

168.3 

52 

485 

600 

3.1 

53 

485 

600 

14.8 

54 

662 

2400 

168.3 

55 

662 

2400 

68.0 

56 

662 

2400 

100.4 

57 

662 

2400 

68.0 

58 

662 

2400 

100.4 

59 

662 

2400 

168.3 

60 

1000 

2400 

168.3 

61 

653 

600 

168.3 

62 

485 

600 

14.8 

63 

485 

600 

3.1 

64 

634 

600 

186.2 

65 

1000 

540 

186.2 

66 

1000 

540 

70.3 

67 

1000 

540 

115.9 

68 

108 

1.2 

115.9 

69 

108 

1.2 

70.3 

70 

108 

1.2 

186.2 

71 

485 


3.1 
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(1) All values based on one engine 




TABLE 4. 2. 1-3 

PERFOBHANCB SUMMARY FOR IGCC POWER PLANTS 


Gas Tbrblne 

Texaco 

Number of turbines 

4 

Air flow/turbine» Ib/sec 

860 

Pressure Ratio 

12 

Combustor exit temp., F 

2400 

Exhaust temp. , F 

1194 

Stack temp., F 

300 


Steam Turbine 


Throttle reheat temperature, F 

1000 

Throttle pressure, psia 

2400 

Condenser pressure, in. Hg 

2.5 

Overall System 

Gas turbine power, MN 

630.4 

Steam turbine power, MN 

324.8 

Net total power, MU 

946. 4^^) 

Net heat rate, Btu/kWh^^) 

8716 

Coal rate, tons/day (as received) 

8076 


Includes fuel gas expander. 
(2) Coal in-tu-kU out at busbar. 


BCC 

4 

860 

12 

2400 

U77 

335 


1000 

2400 

2.5 


605.6 

244.4 

819.2 

8400 

6752 
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TABLE 4. 2. 2-1 

HEAT AND HASS BALANCE FOR GAS TURBINE COMBINED CTCLE POWER PLANT 

USING BGC GASIFICATION SYSTEM 


Station Number 

Temoerature (°F) 

Preesure (oaia) 

Flow (Ib/eee) 

1 

59 

14.7 

860.0 

2 

655 

175 

723.5 

3 



39.1 

4 

282 

325 

72.9 

5 

262 

320 

70.1 

6 

250 

320 

68.5 

7 

202 

315 

64.8 

8 

105 

305 

62.8 

9 

70 

305 

2.7 

10 

70 

295 

59.9 

11 

242 

290 

65.2 

12 

2400 

167 

788.7 

13 

1176 

16.2 

925.2 

14 

1176 

16.2 

601.9 

15 

1176 

16.2 

323.3 

16 

894 

14.7 

601.9 

17 

894 

14.7 

323.3 

18 

894 

14.7 

925.2 

19 

702 

14.7 

925.2 

20 

559 

14.7 

925.2 

22 

335 

14.7 

925.2 

23 

108 

1.2 

137.6 

24 

108 

30 

137.6 

25 

108 

30 

18.0 

26 

250 

30 

18.0 

27 

108 

30 

119.6 

28 

250 

30 

137.6 

29 

255 

2837 

137.6 

30 

485 

2837 

137.6 

31 

448 

415 

6.9 

32 

485 

2837 

130.8 

33 

448 

415 

6.9 

34 

662 

2400 

130.8 

35 

662 

2400 

130.8 

36 

1000 

2400 

130.8 

37 

657 

600 

130.8 

38 

657 

600 

130.8 


(1) All flow values are for one engine. 
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TABLE 4. 2. 2-1 (Cont'd) 

HEAT AND MASS BALANCE FOR GAS TURBINE COMBINED CYCLE POWER PLANT 

USING BGC GASinCATION SYSTEM 


Station Number 

TenDaxature (**F) 

Prasaura (nala) 

Plow (Ib/aec) 

39 

1000 

540 

130.8 

40 

1000 

540 

31.9 

41 

1000 

540 

98.9 

42 

935 

415 

4.8 

43 

602 

100 

7.4 

44 

108 

1.2 

86.7 

45 

108 

1.2 

31.9 

46 

108 

1.2 

118.5 


(1) All flow values are for one engine. 





Total 3096357 107283 2604991 90323 140724 262303 13527 251924 12951 246410 12645 



(1) All values tesed on one engine. 
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4.2.3 Conparison of PorforMnco 

The perfonMtice ettlaetee in Table 4. 2. 1*3 indicates that the XGCC power 
plant uaing the BGC gasifier would be 1.4 percentage points or approKiaately 3.5 
percent bo re efficient than the Texaco*baaed XGCC power plant (40.6 versus 39.2 
percent). The najor contributor to this perfonsance difference is the efficiency 
of the gasifier. 

A review of Tables 4. 2. 1*1 and 4. 2. 2*1 show that the aaounta of oxygen 
and steam used by the BGC gasifier are 26 and 50 percent lower than the oxygen 
and water used by the Texaco gasifier. The lower the oxygen and steasi requireswnt, 
the sK>re efficient the gasifer. A second benefit is that the oxygen plant and 
the boost conpressor for the BGC*based systesi requires less power. 

4.2.4 Off-Design Operation of IGCC Power Plants 

The performance estimates presented thus far are for design point operation, 
i.e., full load at 59 F, 1000 ft (ISO) conditions. While the efficient power 
plants such as the XGCC power plants would be used as base-load plants (5000 h/yr 
or more) operating at full load, even these plants must follow load and be able 
to drop load, start, etc. 

The IGCC power plant is a very complex plant having the characteristics of 
a chemical plant superimposed upon a power plant. The ability to successfully 
operate such a plant can only be demonstrated in an actual installation. It is 
possible, however, to simulate the part-load and transient behavior of this type 
of plant. Examples of this can be found in the literature (Refs. 4. 2.-2 and *3) 
and have been the subject of a recent UTC in-house investigation (Ref. 4.2-4). 

The pertinent results of these studies are discussed below. 

There are two modes of IGCC control: gasifier-lead in which coal/oxident 

flow to the gasifier is used to control load; and turbine-lead in which the 
turbine fuel controls are used to control load. Either control mode can be used 
successfully, i.e., either can meet the usual load ramp rates expected of large 
central station power systems. These load variations include the gradual changes 
for daily load following (4 percent/min from 80 percent of full load to full load 
and back) to rapid changes for tie line thersMl backup (20-percent step change). 

In transient and part-load operation, there are several critical operating 
parameters that must be observed, these involve the sulfur removal system and the 
heat exchangers. The Selexol absorber is a well prwen process that operates 
unattended in some applications. However, in transient and part load operation, 
it is important to maintain the sulfur removal level so that emissions are within 
prescribed limits. To do this, the pressure control point for the overall 
systems should be directly downstream of the Selexol unit. This will allow close 
control of the pressure in the absorber during all operations. 
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At load it chongod, tho turbino inlot tooporoturo tnd tho oxhtutt 
cmportturo alto chant** ‘R>* •*• teaparatura froa tha gatifiar, hovavar, 

raaaina aaaantially conttmt. Staaa Caaparatura froa tha watta haat hollar 
locatad in tha fual gat atraaa raaaint conttant but tha pinch taaparatura (ainiaua 
approach) batwaan tha axhautt gat and tha otata in tha tuparhaatar and rahaatar 
changat. It it nacattry to balanca tha flout to that an ada^uata taaparatura 
diffaranca it aaintainad, i.a., tha ttaaa it aluayt coolar than tha aidiautt 
gaaat. The pinch taaparatura at tha HP and LP boilart (taa Pig. 4.2.1**1) ara 
thoun in Table 4. 2. 4-1. 

Of particular intaraat it tha parforaanca at part load. Coabinad-cycla 
ayataat have excel lent part-load afficianciat and the I6CC tyttaat continue to 
ditplay thit charactariatic. Tha part-load haat rata for tha ICCC plant it thoun 
in Pig. 4. 2. 4*1. Hare it can be taan that at 70-parcent load, the haat rata hat 
increatad by only 8.9 percent. Alto thoun in Pig. 4. 2. 4-1 it tha ralationthip 
batuaan tteam turbine output and load. At indicated in Table 4. 2.4-1, reduction 
in load raducat throttle conditiona and, thut pouar. 
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TABLE 4. 2.4-1 

PINCH TEHPEIATURB XM TEXACO I6CC PONBR PLANT 

Pinch T— p. , P Throttle Conditions 


Load, Percent 

LP 

HP 

Temp. ,F 

Press. 

100 

40 

40 

1000 

2400 

90 

45 

31 

935 

2157 

00 

50 

22 

864 

1911 

70 

54 

14 

785 

1664 
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1.3 AsMatMiit of MHD Teelraolofy Status 

Hagnttohydrodynamica (MD) is a branch of physics uhich duals with phanoMna 
arising from the aotion of alactrically conducting fluids in the presence of 
electric and Bagnctic fie Ida. This covers a broad area ranging froa astrophysics 
to a nuaber of technological applications including power generation, propulsion, 
puaping, flow asasureasnt and aagnetic - confineaent theraonuclear fusion. The 
types of conducting fluids Include liquid aatals, electrolytic solutions and 
ionised gases or "plasMS.'* 

This assessaent is restricted to the application of MHD to the production 
of electric power by utilising an ionised gas as the conducting fluid. There are 
basically two categories of cycles for MHD power generation; open*>cycle and 
closed*>cycle. In open**cycle MHD power generation, the ionised gas flows through 
an MHD generator channel and is ultiaately eshausted to the ataosphere after 
treataent to sake it environaentally acceptable. In closed-cycle MHD power 
generation, the ionised gas is continuously recirculated through the MHD channel 
in auch the saae aanner as the gas in a closed-cycle gas-turbine systea. The 
assessaent is further restricted to consideration of open-cycle MHD power genera- 
tion because it is in a sure advanced state of developaent and appears to be auch 
closer to coaaercial application. Also, the oMjority of the financial support for 
MHD power generation progrsas in the U.S., provided by the U.8. Departaant of 
Energy and the Electric Power Research Institute, are priasrily directed towards 
open-cycle MHD power generation. 

1.3.1 Assessment of MHD Technology Readiness Development irenus 

The basic principles of the phenomena involves in MHD power generation have 
been known since experiswnts in elect rodynsaics were performed by Michael Faraday 
in the nineteenth century. However, the only electrically conducting fluids which 
were practical at that tiaa were liquid aetals and electrolytes. Develcments in 
this century in high temperature technologies led to interest in gases as conduct- 
ing fluids. Experiments with gaseous MHD power generation were conducted between 
1938 and 1944 by West inghouae, with unsatisfactory results. However, as the 
technologies associated with high temperature fluid dynaaics advanced, interest 
was again aroused in MHD power generation. Experiaents were conducted in several 
industrial research laboratories in the late l9S0*s and early 1960's. These 
experiments have yet to lead to conaercially available equipment. A review of 
selected efforts, however, will establish the current technology base. 

1.3. 1.1 Technology Readiness - Earlier Programs 

In 1939 a test was conducted at Avco-Everett Research Laboratory in which 

11.3 kW of electric power was generated for a period of 10 seconds. In 1960, a 
10-kU MID generator was operated at Westinghouse for a period of over one hour. 
General Electric Co. was also active in MHD during this period. These early tests 
produced only small asuiunts of power, but the demonstrated the possibility of 
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Keneratiog p<wer by MID and considerable interest was displayed by industry* 
govemaent, and universities* both in this country and in several other 
countries. 

In 1965, Avco-Everett Research Laboratory performed a test in which 32 MW 
of electric power was produced in an MID generator for a period of one ainute. 

The duration was limited by the capabilities of the test facility rather than by 
failure of the generator. Another generator built by Avco produced 18 MW for one 
minute in 1966. Long duration testing at Avco was conducted on a much smaller 
scale. One Avco long duration test facility had accumulated over 2000 hours of 
operation by 1966 at a power level of several kU. 

Another development in the 1960*s tdtich has had a significant impact on the 
potentia] for MHD power generation is the progress SMde in constructing supercon- 
ducting magnets. This field was in its infancy in 1961. Considerable progress in 
superconducting magnet development has been made because of its applicability to 
high energy physics experiments, controlled thermonuclear fusion and other areas 
as well as MHD power generation. 

MHD programs have been initiated in several other countries. France, 

The Federal Republic of Germany and Great Britain developed strong programs, but 
they eventually declined as these countries shifted emphasis to nuclear energy. 
However, MHD programs have continued to grow in ouiny other countries, including 
the U.S.S.R., Japan, China, the Netherlands, Poland, India, Australia and Italy. 
To. V, the U.S.S.R. has the largest MHD program in the world. In 1965, they 
c r^leted construction of their U-02 facility «diich has a thermal power input 
apacitv of 5 MW. In 1971 they completed construction of their U-25 facility 
ffhich has a thermal power input capacity of 300MU. 

In the decade of the 1970's, the MHD program in the United States has grown 
considerably, with a shift in emphasis towards coal as a fuel. Funding of MHD by 
the Department of the Interior's Office of Coal Research was at a level of several 
million dollars per year in the early 19'0's. Funding has steadily increased as 
the MHD program came under the jurisdiction of the Energy' Research and Developoient 
administration and, later, under the Department of Energy. The DOE appropriations 
for tie MHD prograia were 79 million dollars in fiscal year 1980 and 67 million 
dollars for FY 81. 

Great strides in MHD iiave been made in the past decade. An MHD channel has 
been operated at a power level of several hundred kWe for t«ro continuous 250-hour 
runs Although this channel is small compared to that required fcr a commercial 
power plant, the local conditions at the electrodes of the channel were comparable 
to those anticipated for a comoercial-scale channel. In the U.S.S.R., a channel 
has been operated for 250 hours at a power level of several MWe. In other tests, 
electric power was successfully delivered to the Moscow electrical network on a 
small scale. 
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No HHO power plants have been constructed to date which produce electric power 
specifically for utility use. The earliest date by which such a plant could be 
built in the U.S.S.R. is probably 1985. The earliest date by which such a plant 
could be built in the U.S. is probably 1990. The construction of an MHD po«fer 
plant in the U.S. could probably be substantially accelerated by retrofitting an 
existing steam power plant by the addition of an MHD generator as a topping unit. 
The actual dates of implementation of MHD for the production of electric power 
depend, of course, upon further technological advancement and upon the support 
given to research and development by governoient and industry. 

1.3. 1.2 Technology Readiness Projected Commercial Plant 

A general summary of the major characteristics of a projected commercial MHD 
power plant is indicated in Table 1.3. 1.2-1. Since no such power plants have been 
constructed, these characteristics are based upon conceptual designs, anticipated 
technological developments and extrapolation of test data. The power plant would 
be a combined MHD/ steam power plant with a net output in the range of 500 to 2000 
MH-electrical. Approximately one half of this power would be produced by the MHD 
generator and the remainder by the steam-turbine driven generator. The large size 
of the plant is desired because of the tendency for the efficiency of an MHD 
generator to increase significantly with size. The increase in efficiency as size 
(and hence the volume to surface-area) increases is due to the fact that the power 
generating phenomenon is a volumetric effect idiile the thermal, viscous and 
electrical losses are surface effects. The overall power plant efficiency from 
Che coal pile to the utility grid is projected to b^ in the vicinity of 502. This 
is the major reason for the interest being expressed in MHD power generation at 
the present time. 

Emission levels from the plant are projected to be below the environmental 
limits. The collection of flyash and K 2 SO^ result in adequate control of 
particulate matter and sulfur-oxide emissions. Nitrogen oxides and carbon 
monoxide emissions can also be controlled in an MHD power plant by control of 
combustion conditions and the MHD generator exhaust gas cooling rate. Due Co the 
high power plant efficiency, Che heat rejection rate is less than that of conven- 
tional plants which have overall efficiencies of 402 or less. 

Another attractive feature of an MHD power plant is the capability it has for 
direct utilization of coal as a fuel. Coal can be injected directly into Che 
combustor and the resulting combustion products can be tolerated by tne MHD 
generator. Problems which are typical of conventional coal fired plants do arise, 
but Che presence of coal ash is not highly detrimental to the MHD generator 
itself. 

Table 1.3. 1.2-2 presents a summary of projected MHD/steam power plant 
performance results and cost estimates based upon several recent investigations. 

The investigations are the Energy Conversion Alternatives Study (ECAS) completed 
in 1975 (Kef. 1.3-1) and the Parametric Study of Potential Early Commercial MHD 
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TABLE 1.3. 1.2-1 

PROJECTED CHARACTERISTICS OF A 
COMMERCIAL-SCALE MHD/STEAM POWER PLANT 


Size Range 

500 - 2000 MWe 
Ef "ci'ncy 
50% 

Environmental Control 

Low SOj^, NOj^, CO} Particulate and Thermal Discharges 
Fuel Capability 

Coal (direct -fired) 

Cost of Electricity 


Competitive 
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TABLE 1.3. 1.2-2 

SUMMARY OF PROJECTED MHD/STEAM POWER PLANT 
PERFORMANCE AND COST ESTIMATES 


Source of Data EGAS 

Type of Plant Direct-Fired Air 

Preheater 

Net Electrical Power 1932 MWe 

Output (a.c.) 

MHD Generator Electrical 1406 MWe 

Power Output (a.c.) 

Overall Efficiency 48.3 Z 

Year of Cost Basis mid-197S 

Plant Capital Cost $718 per kW 

31.8 mills/kWhr 


PSPEC 

Oxygen-Enriched Air 

931 MWe 

512 MWe 

43.4 Z 
mid-l978 
$646 per kW 
32.5 raills/kWhr 


Cost of Electricity 
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Power Plants (PSPEC) completed in 1979 (Ref. 1.3*2). The cost estiastes shown for 
these studies are given in 1975 and 1978 dollars, respectively. The basis for the 
EGAS design is an MHD power plant utilizing advanced or "second generation" tech* 
nology projected to be available for coausercial orders in the aid to late 1990's. 

The basis for the PSPEC design is an HMD power plant utilizing near term or "first 
generation" technology projected to be available for commerical orders in the 
early 1990's. 

1.3* 1.3 Trends in Operating Parameters 

Figure 1.3. 1.3*1 shows a simplified sketch of an MHD generator. The generator 
consists of a duct with two electrode walls and two insulating walls with a magnetic 
field applied perpendicular to the duct axis. Vftien an ionized gas flows through 
the duct, electrical energy is extracted directly froci the kinetic and thermal 
energy of the gas due to its interaction with the magnetic field. Hie current in 
the gas is carried almost entirely by electrons. The net current generated may 
pass through a single load as indicated in Fig. 1.3. 1.3-1 or through a set of 
multiple loads, depending on the type of electrode interconnections. 

The MHD generator essentially behaves as an electromagnetic "turbine", being 
thermodynamically equivalent to a gas turbine. Both types of machines can be most 
efficiently utilized for production of electric power when operating in a Brayton 
topping cycle over a conventional Rankine-cycle steam power plant. MHD generators, 
however, operate at much higher temperatures (2300 to 2800^K or 3700 to 4600°F), 
lower pressures (6 to 10 atm) and are considered to be most efficient at very 
large sizes (500 MWe). 

Plasma Properties 

The plasma properties of primary interest in MHD power generation are the 
electrical conductivity a and the Hall parameter &>r of the gas. The plasma is 
essentially electrically neutral and the conduction of electricity in the plasma 
is carried out primarily by electrons. The Hall parameter relates to the effect 
of the magnetic field on the electrical conduction process. 

In order to conduct electricity, the gas must be partially ionized, meaning 
that some of the atoms in the gas are stripped of one or more of their electrons, 
as occurs at high temperatures. If an alkali metal is added to the gas, suffi- 
cient ionization may occur at a reasonable temperature because of the metal's low 
ionization potential. Table 1.3. 1.3-1 indicates the ionization potential of 
several materials. The process of adding an alkali metal to a gas to achieve the 
desired degree of ionization is referred to as "seeding". The primary candidate 
seed materials for use in MHD power generation are potassium (K) and cesium 
(Cs). 
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FIG. i.ai.3-i 
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TABLE 1.3. 1.3-1 


IONIZATION POTENTIAL OF METAL VAPORS 


Metal 

Ionisation Potential (( 

Lithium 

5.363 

Sodium 

5.12 

Aluminum 

5.96 

Potassium 

4.318 

Calcium 

6.09 

Rubidium 

4.16 

Cesium 

3.87 

Barium 

5.19 

Mercury 

10.39 
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The electrical conductivity of the pleene depende upon the compoeition, 
tenpereture end preseure of the gee. Figure 1.3. 1.3-2 showe the variation of 
electrical conductivity with temperature and preaeure for a apecific aeed con- 
centration and gae composition. For economical power production in an MHD 
generator, conductivity requires very high combustion temperatures. In combus- 
tion gases, the presence of the OH radical introduces the posibility of electron 
attachment, forming OH*, and reduction of electrical conductivity. Therefore, 
fuels with high carbon content are preferred over fuels with high hydrogen con- 
tent. In general, however, it is difficult to predict plasma conductivities 
with a greet degree of preciaion. 

The Hell effect arises because of the tendency for charged particles to 
take on circular or spiral trajectories in e magnetic field. The cyclotron 
frequency <■> of an electron of charge e end mass m^ in a magnetic field of 
strength B is given by: 


eB 

Collisions between free electrons end other molerules and atoms in the gas prevent 
the electrons from continuing to spiral indefinitely and cause the electrons to 
migrate in a direction dependent upon the relative strengths and directions of the 
electric and magnetic fields present. The Hall parameter is a dimensionless 
parameter equal to the product of the electron cyclotron frequency and mean time t 
between collisions of electrons with other particles: 

Hall Parameter • ut 

The Hall parameter is proportional to the magnetic field strength and is dependent 
upon the gas composition, pressure and temperature. 

MHD Channel Phenomena 


In the following paragraphs, the basic relations are developed for a simplified 
model of an MHD generator. This is a "sero-dimensional" mode) in which the variables 
(such as velocity, conductivity, electric field strengths, etc.) do not vary with 
respect to location within the generator. Although this is unrealistic, the model 
is useful for illustrating basic problems. 

Figure 1.3. 1.3-3 is an elementary diagram showing the electrode walls of an 
MHD duct (channel) with a connected external electrical load (shown simply as 
a resistor). The magnetic field is perpendicular to the diagram, directed away 
from the reader. The motion of the ionised gas induces an electric field across 
the duct in the direction from the anode to the cathode. The magnitude of this 
induced electric field is equal to the product of the velocity, u, and the magnetic 
field strength, B. 
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FIG. 1.3.1.3-3 



MHD DUCT WITH CONTINUOUS ELECTRODES WITHOUT HALL EFFECT 
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^induced " 

If the velocity has units of meters per second and the magnetic field 
strength has units of tesla (1 tesla - 10|U00 gauss), the electric field 
will have units of volts per sieter. 

This induced field tends to make the cathode positive in voltage with respect 
to the anode. Thus if an external load is connected between the terminals on the 
electrodes, an electric current %fOuld pass through this load in the direction from 
the cathode to the anode. A corresponding electric current would pass through 
the gas in the duct in the direction fr.n the anode to the cathode. This is shown 
in Fig. 1.3. 1.3-3, %ihere the current inside the duct is indicated as a "current 
density", j, %ihich has the units of current per unit area (amp per square meter). 

The magnitude of the voltage difference between the \-'ectrodes depends upon 
the magnitude of the external electrical load connected to the terminals as well 
as upon the induced field, uB. The occurrence of this voltage difference induces 
an electrostatic field in the gas opposite in direction to the magnetically induced 
field uB. Thus the net electric field is: 

^ * ^induced “ 

■ uB - E* 

where E* is the "electrostatic" field arising from the potential difference between 
the electrodes. The directions of these field components are shown in Fig. 1.3. 1.3-3. 

The electric current density, j, will be proportional to the electrical 
conductivity, s, of the gas, %«hich is expressed in units of ishos per meters (where 
a mho is the reciprocal of an ohm). If there is no "Hall effect", the electric 
current will be parallel to the net electric field and is given by the expression: 

j . (T (uB - E*) 

The electric power P generated per unit volume is equal to the product of the 
current density and the electric field through E*. Thus, 

P « jE* - «r E* (uB - E*) 

The Hall effect results from the combined tendency for electrons to spiral 
around the lines of magnetic flux and to interact with other particles. Thus, 
when an ioi.ixed gas is the presence of both a magnetic field and an electric 
field, the electric current is not parallel to the electric field. As shown in 
Fig. 1.3. 1.3-4, there is an angle, 0 , between the electric field direction and the 
current direction. In terms of the dimensionless "Hall parameter", urr, the "Hall 
angle" is 


6 ■ tan(u)T) 
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whert «T it directly proport iontl to the tMgnetic field ttrength et previoutly 
indicated. Typically, 9 would be in the range of 45 to 75 defreet. 

tf the electrodet are eontinuout (that it, if they are continuout wallt of 
conatant electrical potential), the electric field and electric current direct iont 
are at thown in Fig. 1.3. 1.3*4. The fact that the electric current travertet 
diagonally acroat the MHD duct retulta in a reduction in the power output of the 
generator. The tnagnitude of the reduction in power cowpared to the power which 
would be generated with no Hall effect it equal to the factor 

1 ♦ («t)^ 

In order to counteract thia detriaiental effect, the channel can be conatructed 
by '*aegnent ing'* the electrode walla, aa ahown in Fig. 1.3. 1.3*5. To oiake the 
current traverae the duct in the direction perpendicular to the flow direction, 
each oppoaing pair of electrodea ia connected to an individual external load. For 
thia caae, the electric field ia directed diagonally acroaa the duct, and the 
power output ia equivalent to that which would occur with no Hall effect. Thia 
configuration is referred to aa a segmented "Faraday" generator. 

The disadvantage of thi? arrangement is that there anist be a large number of 
individual loads. A cammerciai'*scale duct %rould require approximately 1000 
segments. However, an alternate method for making connections between electrode 
paira which can reduce the number of loads is illustrated in Fig. 1.3. 1.3*6. This 
is referred to as a "diagonal generator." Each electrode segment on the anode 
wall is connected to a corresponding electrode segment on the cathode wall through 
a short circuit. The load ia then connected between the farthest upstream and 
farthest downstream electrode pairs. If the diagonal lines between interconnected 
electrodes (shown as dashed lines in Fig. 1.3. 1.3*6) correspond to lines of constant 
electrostatic potential for the segsiented Faraday configuration of Fig. 1.3. 1.3*5, 
then the directions of the electric field and electric current are the same as 
that for the ideal case. The advantage of this configuration is that there is 
only one load. But once the interconnections have been awde, the ideal power 
extraction can only occur at the correaponding value of the Hall parameter, wt . 

If the Hall parameter should happen to deviate from the design value, the generator 
performance will diminish. 

The equations presented in this section were developed on the basis of a 
"sero*dimensional" model of the MHO channel. In reality, even though the magnetic 
field strength, velocity, conductivity and other parameters vary throughout the 
channel, the equations are applicable locally at any point within the channel. 

Figure 1.3. 1.3*7 from Ref. 1.3*3 shows how the values of the parameters (averaged 
over the channel cross section) vary along the direction of the axis of the 
channel. 
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VARIATION OF PARAMETERS ALONG AXIS OF MHD CHANNEL 


1 . 3-17 




R81-9S5343-9 


Channel Construction and 


There are a number of alternate amans of constructing the MHO channel in 
order to aieec design requirements. The channel construction approach sdtich haa 
been proposed by Avco-Everett Research Laboratory for the MHO Engineering Test 
FncUity (Ref. 1.3-4) has been selected. Both the Faraday and Diagonal modes of 
in .orelectrode interconnection will be considered. 

Three variations of the Faraday MHO channel concept are shown achesMtically 
in Figs. 1.3.1.3-8(a), 8(b) and 8(c) from Ref. 1.3-4. The differences between the 
three are in the design of the insulator wall. The insulating walls have the 
requirement of preventing electric current from flowing along the walls in a 
direction perpendicular to the direction of the electrostatic field, B*. There are 
three ways to achieve this requirement: a continuous insulating wall, a peg^all 

configuration, or a diagonal-bar configuration. The continuous insulating wall is 
simple in principle but puts a severe restriction on the choice of material of 
construction. The isaterial must be a good electrical insulator and, of course, 
must be able to maintain its structural integrity and its insulating property 
during operation. 

Figure 1.3. 1.3-8 illustrates the multiple-load Faraday design using metallic 
peg wall construction. The wall is constructed of metal "pegs" which are insulated 
from one another, thus minimising the flow electric current along the wall. However, 
heat can be conducted away from the surface of the wall to cooling water. In gen- 
eral, the segmentation of the pegs is about equal to that of the electrodes. Square 
pegs are illustrated but polygon cross sections can be and have been used. An all- 
ceramic side wall and peg wall are approximate electrical equivalents, but the 
feasibility of ceramic walls for long duration has not yet been demonstrated. In 
contrast, several promising peg wall schemes have been evolved and tested. 

The advantage of the peg-wall Faraday channel is that its performance is 
generally considered to be the best of All possible channel types. Its disadvantage 
is associated with the mechanical complexity and the question of long term reliability 
of a peg wall. The number of pegs is large. Provision for adequate and reliable 
cooling can be a formidable design problem, given the mechanical and electrical 
stress conditions present in an MHD generator. 

Figure 1.3. 1.3-8 shows another Faraday type channel in which the insulator 
wall is constructed of long bars rather than pegs. Some segmentation of the bars 
may be incorporated to control gap voltages and current densities. The bars are 
oriented along the equi-potentials predicted for the free-stream plasma. The gross 
performance of the Fig. 1.3.1.3-8(b) channel is equivalent to that of the peg wall 
type of Pig. 1.3.1.3-8(a), at the full load or design point. The advantage of a 
bar wall is the mechanical simplicity and reliability of thia kind of construction. 

Its disadvantage is in part-load (or off-design) operation where the fixed bars 
will be at an incorrect angle. The resulting circulation of Hall current is 
likely to make performance less than that of a part-load, peg wall design. 
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A poatibl* comproniM for aido wall conatructlon ia dapictad in 
Pig. 1.3.1.3~8(c). Xn this coneapt the bare are highly aagaentod but the 
aagaantation ia not aa great aa that of a peg walK The approach hare ia to 
approxiaMta a peg wall deaign with ita good part-load parfonnanca» and yet 
retain aoaM of the Mchanical ainplicity of bar wall conatruction. Ibia concept 
naada further invaat igat ion within the context of part-load parfonaanca raquira- 
■enta. 


Variationa of the baaic aingla-load diagonal channel are illuatratad in 
Piga. 1.3.1.3-9(a) and 9(b) fron Ref. 1.3-4. Pigure 1.3.1.3-9(a) ahowa the 
'Vindow fraoie** deaign in which each elactrode/bar pair ia an integral unit; no 
external connect iona are necaaaary. The window frane technique appeara to repre- 
aent a aimple and low coat type of conatruction. However^ window framea nay have 
a aerioua fault in that aevere current concentrationa tend to exiat on the bare 
near the cornera. Theae current concentrationa cauae unacceptable long term 
damage aa haa been obaerved in experiiaenta. To alleviate thia difficulty, the 
current path ia interrupted by aeparating the bare from the electrodea, and each 
bar ia aplit into at leaat two elementa. The electrode pair prrvioualy connected 
by virtue of the window frame technique muat now be connected by external wirea. 
Thia arrangement ia ahown in Fig. 1.3.1-9(b). In thia deaign the window fraiae 
technique cannot be uaed, but the baaic mechanical aimplicity of a diagonal 
channel ia retained. 

There are two diaadvantagea to the aingle load diagonal channel concept. 
Firat, ideal aingle load diagonal channel performance will be leaa than that of 
the multiloaded Faraday machinea becauae the loading cannot be adjuated to an 
arbitrary diatribution along the channel 'a length. Secondly, part-load per- 
formance may be aignif icantly leaa than that of any of the Faraday optiona. 
Multiple loading offaeta theae diaadvantagea. IWo multiple loading acheama are 
depicted on Figa. 1 .3.1 .3-10(a) and 10(b) from Ref. 1.3-4. Theae apply to either 
window framea or aplit bar deaigna. 

The deaign of the electrodea and inaulatora and the aelection of maceriala 
of conatruction are determined by the requirement a for efficiency and material 
durability and the aeverity of the environment to which they are expoaed and the 
electrical phenomena occurring in the immediate vicinity of the walla. The high 
temperature of the plaama dictatea that a meana be provided to cool the wall 
eleoienta, but not to auch an extent that large heat tranafer loaaea occur. From 
the viewpoint of phenomena occurring in the ioniaed gaa itaelf, it ia deairable to 
have the gaa-aide aur^acea of the wall elementa at high temperature. The wall 
eleMnta muat be able to withatand corroaion and eroaion by oxidation and by 
electrolytic action aa well aa damage by arcing phenomena. Conaideration muat 
alao be given to efficient tranafer of electric current from the plaaaM to the 
external load through the elementa and compatibility of materiala with one another 
and with their enviroiamnt. 
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An approach ahich hat been establiahad In tha U. 8 . la to aaploy tha 
principla of channel wall protection by deposition of a naintenance Mterial on 
the interior surfaces of the channel. In the early I960* a, MHD channels were 
built and tested in which sirconia was injected into the gas strean to form a 
protective coating. The principle was to establish an equilibriuai atate in «ihich 
the rate of erosion of this coating would equal the rate of deposition. More 
recent ly, coal slag has been utilised as the sMiintenance water ial since it is 
naturally present in the products of conibustion in a direct coal~fired MHD plant. 
Bxperiaents with coal-slag deposition have indicated that this is a feasible 
approach and is not detrimental to MHD generator performance or operation. Figure 
1.3.1.3-11 schematically shows a channel in which the electrode walls are covered 
by a protective coating of a material which is continually eroded and replenished. 
Figure 1.3.1.3-12 schematically shows the various regions of the channel includ- 
ing the plasma and the electrode wall elements. Figure 1.3.13-13 from Ref. 1.3-5 
illustrates a nuad>er of electrode system design configurations showing the different 
types of materials required in each design in order to fulfill the numerous require- 
ments of the electrodes. 

A specific electrode design, which has evolved at Avco after extensive testing 
over a period of several years with deposition of maintenance materials simulating 
the properties of coal slag, is illustrated in Figs. 1.3.1.3-14 for an insulating 
peg-wall design and 1.3.1.3-15 for an insulating bar-wall design. The basic 
electrode design is a water-cooled copper bar, clad with a thin layer of oxidation 
resistant sMterial over vulnerable surfaces. Cladding loaterials under consideration 
include platinum, paladium, gold, silver, inconel and nickel. Extensive long 
duration testing is necessary to determine which materials are best, considering 
both technical perfonsance and cost. The plasma-side surface of the electrode has 
grooves, prefilled with ceramic (e.g., sirconia), to provide attachment points for 
the deposited slag and thereby facilitate development of a slag layer. The high 
thermal conductivity and high thermal diffusivity of the copper substrate suikes it 
more suitable as an electrode chan other smterials. Specifically, Che local high 
heating associated with arcing phenomena is more readily dissipated in copper. 

Arc damage is thereby alleviated or avoided. Boron nitride (BM) hard spacers are 
employed as insulators since BN is a good thermal conductor, is resistant to 
thensal shock, and is not wetted by coal slag. 

The design for insulator walls is Che same as that for the electrodes, and 
essentially for Che sasie reasons. Namely, water cooled copper peg or bar-segments 
are used, with grooves on the gas side surface Co facilitate slag layer deve lopisent . 
Dense aluminum oxide spacers may be used as gap insulators rather Chan BN to min- 
imise cost. The various erosion difficulties are not as severe on insulator walls 
cosq>ared to electrode walls. But in the special case of a peg wall, experimental 
evidence indicates that BN is necessary. BN's capability to be better cooled Chan 
AI 2 O 3 , and its good resistance to thermal shock affords better protection of 
Che numerous 0-ring seals associated with a peg wall. 
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(a) CLSAM-FUEL SYSTEM 



(b) COAL-PZRED SYSTEM 


MHO CHANNELS WITH AND WITHOUT MAINTENANCE LAYERS 
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1.3.2 Develop Dete Base For MHD Progreae 

Because MHD syseeas ere far froa coaaercialitation, there ia no operational 
data base. It is possible, boeever, to review the developaent prograas currently 
<mderway. An MHD power plant will include a nuaber of roa^nents idiich require 
further research and developaent before they can perfora satisfactorily. These 
include the MHD channel, superconducting aagnet, inverter syatea, coabustor, air 
preheater systea, heat and seed recovery systea and the seed regeneration syatea. 

In general, each of these coa^nents and ^steaa aust be scaled up to larger sises 
than :hose which have been tested to date. Their perforaances in general require 
iaproveaent and longer lifetiaes aust be deaonstrated. In aost cases, the per- 
foraaiice is expected to iaprove as the cosqionents are scaled up. Farther advances 
in system integration are also required as very few facilities presently exist in 
which all of the major components have been tested together as a unified systea. 

1.3. 2.1 Major Test Facilities 

A number of facilities exist in Che U.S. for testing of specific MHD components 
at various scales. IWo major facilities are now under construction for larger 
scale testing and for integration of components. These are Che Coal Fired Flow 
Facility (CFFF) at the University of Tennessee Space Institute and the Cosqionent 
Development and Integration Facility (CDIF) in Butte, Montana. The objective of 
both facilities is to provide test data for long-duration operation at significant 
scales. Another major facility is the High Performance Demonstration Experiment 
(HPI£) facility at Che Arnold Engineering and Development Center (AEDC). 

The CFFF is a new facility which will initially have Che capacity for a 
20-MW thermal input and later will be increased to a 50-HW thermal level. Three 
test bays will be installed %ihich will give the facility the capability for testing 
various combustor, channel and nmgnet configurations. Downstream equipment will 
be installed for testing steam bottoming plant components and recovery of seed 
from the gas stream. The CDIF will also be a coal-fired facility and will have a 
30-NM thermal input capacity. Emphasis will be upon testing of MHD flow train 
components under conditions of low slag carryover (approximately 10 percent) into 
the channel. Both facilities are scheduled for initial startup in 1981. 

The HPDE at AEDC is designed for short -duration operation (10 to 20 seconds) 
and began operation in 1979. Tests were performed in 1979 and 1980. The channel 
is now undergoing modification and will be started up again in 1981. 

1.3. 2. 2 MHD Channel Technology 

The principal design problems associated with Che MHD channel are power 
extraction and durability. The electric power must be extracted from a wiltitude 
of electrodes and it must be controlled, conditioned and inverted to alternating 
current. The walls of Che channel must resist a unique combination of electro- 
chemical, electrodynamic, thermal and aerodynamic stresses. Effective power 
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extraction from HHO channels has been denonstreted at power levels up to 32 
in the U.8. and op to 20 in the U.8.8.R. The results have given researchers 
confidence that large sised channels can perform according to expectations. 

Long duration testing has been conducted at lower, yet significant, power 
levels. A U.8. channel has been operated by Avco for two continuous 250*hour test 
runs with a power output of several hundred kilowatts. Ash was injected into the 
combustor to simulate coal firing. Local electrical conditions near the electrode 
were cosq>arable to conditions which would be anticipated in a larger scale channel. 
Testing of a channel with direct coal firing in the combustor has been achieved at 
the University of Tennessee Sp^ce Institute. In the U.8.8.R. a channel has been 
operated for 250 hours with the power output ranging from 3 to 11 MH^. 

The major organizations involved in MHD channel design, construction, testing 
or analysis include Avco-Everett Research Laboratory, University of Tennessee 
Space Institute (UTSI), Modem Electric Power Products and Services Compaiq^ 
(MEPPSOO), Reynolds Metals Company (EMC) and STD Research Corporation. Avco has 
built and tested numerous generators including the largest tested to date. They 
have recently delivered a channel to CDIP site, along with a combustor of Avco's 
design. UTSI has built and extensively tested small channels utilizing coal as 
the fuel. Upon completion of the CFFF, UTSI capabilities will be greatly expanded. 
SMC is presently operating an MHD generator test facility. MEPPSOO has designed 
several very large generators, including the channel for the HPDE and a channel 
for the U-25 facility in the U.S.S.R. STD has developed extensive computer 
programs for analysis of MHD channel phenomena and behavior. 

1.3. 2. 3 Superconducting Magnet 

Superconducting magnet technology has experienced advances because of the 
wide application of large superconducting magnets. A magnet for an MHD plant 
requires a nearly uniform magnetic field of approxisiately 6 Tesla across an 
elongated channel. This is most effectively achieved by means of a saddle-shaped 
coil. The largest MHD superconducting magnet constructed to date is one which was 
oianufactured in the U.S. and tested in the U.S.S.R. The raagnef system weighed 
approximately 40 tons, produced a field of 5 tesla and had a stored energy capacity 
of 34 megajoules. The magnet has been operated successfully and reliably. 

For commercial application in a 1000-MW^ power plant, the magnet would 
have to be scaled up to approximately a 5000 megajoule stored energy capacity. 

The major difficulties anticipated in scaling up to this level is in the area of 
structural integrity in the presence of very large magnetic forces, construction 
techniques for the coils and keeping the magnet cost within reason. This is 
viewed as a design problem rather than a technology problem as no technological 
breakthroughs are required. 
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The OOB MHO superconducting Mgnet progrsms are being conducted under 
senegenent of the Francis Bitter National Magnet Laboratory at MIT. Organi* 
sations Which have built or are building aagnets for MHO facilities include 
Argonne National Laboratories, Magnetic Corporation of Aaerica and G.B. 

1.3. 2. 4 Inverter Systems 

Inverter technology is another area in which wivances have been made without 
assistance from the MHO program. Application of inverters in MHO systems has been 
very limited to date. In isost of the experiments, the generated electrical power 
is dissipated in a resistive load. In the U-25 facility in the U.S.S.R. , MHO 
power has been fed to the Moscow grid by means of inverters. The cumulative time 
over which this has occurred to date is more than 800 hours. 

Inverter equipment is presently available. The major area in %ihich development 
is required is in designing an inverter system to smet the requireamnts of an MHO 
channel. The Electric Power Research Institute (BPRI) is playing a major role in the 
inverter program for MHO. EPRI is responsible for the procurement of the inverter 
system which will be installed in the Component Oevelopment and Integration Facility 
in Butte, Montana. Avco-Bverett Research Laboratory, Westinghouse, General Electric 
Company and the University of Tennessee Space Institute are engaged in work on MHO 
inverter systems. 

1.3. 2. 5 Combustors 

MHO combustors must provide a very high tesq>erature gas with a rather uniform 

flow with uniform mixing of seed to the NHD channel. Combustor operating pressures 

must be in the range of five to ten atmospheres. A major criterion for cosd>ustor 
performance is minimum heat loss through the walls of the combustor. When coal is 
used as a fuel, the coal slag must be handled, as well. One major coal^fired 

combustor approach is to remove up to 90 percent of the slag from the combustor. 

Another major approach is to allow all of the slag to be carried over into the MHO 
channe 1 . 

A combustor utilizing clean fuel with a thermal power input of 250 MW has been 
successfully operated in the U.S.S.R. Combustors utilizing coal as the fuel have 
been operated in the U.S. inlcuding an 8-MH^ combustor without slag removal and 
a S-HW^ combustor which achieved 95-percent slag removal. Future development 
programs are aimed at scaling up present-day coiri>ustor designs and reducing heat 
losses. 

The Pittsburgh Energy Technology Center is responsible for the DOE MHD combustor 
programs. Avco, TRW and Rockedyne Division of Rockwell International have all 
developed combustor designs and have built and tested them at the 20-MW^ level. 
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1.3. 2. 6 Air Preheater SyeteM 

Segenerative air preheater ayateaa of the type required for MBD power planta 
have been utiliaed in the ateel induatry for aany yeara. Iheir teaperature of 
operation, however, ie below that required for MHD eyeteoM. Regenerative air 
preheaters for MHD have been constructed and tested. Preheaters operating on 
clean fuels have been tested in the U.8. for over 100 hours with air outlet 
teioq>eratures over 3000^P. In the U.8.8.R. , separately fired air preheatera have 
operated as part of an MHD pilot plant, with air preheat tesiperatures up to 
2240®F. 

Dealing up separately-fired high temperature air heaters to conssercial power 
plant sise appears to be achievable provided clean fuels are utilised. The 
challenge is in the area of developing a coal combustion system which can provide 
sufficiently clean combustion products to fire the heaters. Direct fired air 
preheaters represent a greater benefit in terms of plant efficiency as well as a 
greater challenge in terms of development. Materials capable of withstanding the 
severe seed/slag environment of a direct-fired air preheater system are currently 
being investigated. Extensive testing programs and materials analysis programs 
are in progress. Air preheating elements have undergone over 800 hours of testing 
in a slag/seed environment at temperatures up to 2780**F. Substantial programs 
on high temperature air preheater development have been undertaken by FluiDyne 
Engineering Corporation, Avco and G.E. 

1.3. 2. 7 Heat Recovery/Seed Recovery Systems 

The heat recovery system includes the heat transfer surfaces tihich transfer 
heat from the hot gas flow stream to the steam bottoming plant boiler feedwater and 
produce steam for driving the steam turbines. The seed recovery system includes 
the surfaces and equipment which contribute to the removal of seed compounds from 
the hot gas flow stream. Basically, these systems ar** comprised of conventional 
steam plant boiler equipment and particulate removal systems such as electrostatic 
precipitators. However, the seed-laden environment presents a considerable 
challenge in terms of prevention of corrosion, erosion and plugging as well as 
designing the system to optimize the collection of seed. 

Testing programs to simulate MHD plant gas compositon an flow conditions in 
heat recovery equipment are being conducted at Mississippi State University and 
Argonne National Laboratory. The Department of Energy has issued a contract to 
Babcock and Wilcox Company for the design, construction and installation of a 
larger heat-recovery/seed-recovery system at the Coal Fired Flow Facility at the 
UTSI site. 

1.3.2 Seed Regeneration Systems 

Conversion of K2S0^ recovered from the exhaust gases into K2C0^ for purposes 
of recycling seed to the combustor can be accomplished by a number of chemical 
processes. The challenge to the MHD program is to select or develop a seed 
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regeneration eyetem which it econonicel in temt of capital equipnent cottty 
operating cotta and energy contooption. A proeeaa referred to at the "PoriMte" 
proceaa wet uaed in gurope for the production of K 2 ^ 3 * Pitteburgh 
Bnergy Technology Center haa propoted a more economical proceaa for teed regen- 
eration which alto teperatea aah from the teed compoundt. Tatting hee been 
performed on the bench-tcale level. Further tatting at larger tcelea it 
required in order to evaluate the economic feaaibility of thia tcheme. 

1.3.3 Charecteriatict of MHD Syatema 

Several comprehentive open-cycle MHD power plant parametric atudiea and 
conceptual detignt have been conducted in the U.S. over the peat five yeart. 

The purpotea of theae inveatigationa have been primarily to aaaeaa the potential 
economic benefita to be gained from developing MHD technology, determine the 
optimum MHD power plant configurations for both early conanercial end second 
generation technologies, and to establish a basis for planning and evaluating 
government-sponsored MHD research and development programs. These investiga- 
tions have been funded by the Energy Research and Development Adaunistration 
(ERDA), the Department of Energy (DOE) and the Electric Power Research Institute 
(EPRl). 

The first of these comprehensive studies was the Energy Conversion 
Alternatives Study (EGAS), which was administered and managed by Che National 
Aeronautics and Space Administration (NASA) - Lewis Research Center and supported 
by ERDA and the National Science Foundation (NSF). The purpose of this study was 
to develop estimates on power plant costs and energy production costs for a number 
of advanced coal-fueled electric energy conversion technologies including gas 
turbines, combined cycles, MHD, fuel cells, etc. The two major prime contractors 
were General Electric Co. and Westinghouse Electric Corporation. Avco-Everett 
Research Laboratory assisted GE with the MHD power plant analysis as a subcontrac- 
tor. The EGAS program was conducted in two phases, beginning in 1975. In the 
first phase, both GE and Westinghouse examined several MHD power plant configura- 
tions with a number of variations in major design parameters. In the second 
phase, GE developed a conceptual design and analysed costs and performance for the 
most promising MHD power plant configuration. MHD was not included by Westinghouse 
in the second phase. 

Two investigations were conducted under EPRl sponsorship following the 
completion of EGAS. The emphasis of these investigations was directed towards 
several optional configurations not considered in EGAS and towards a technology 
base which was considered to be less advanced than that of EGAS. The two prune 
contractors in these investigations were Westinghouse and STD Research Gorporation. 

The most recent comprehensive cosq>arative MHD study is the Parametric Study 
of Potential Early CoiMercial MHD Power Generation (PSPEC). Contracts for the 
PSPEC program «>ere awarded by NASA-Lewis Research Center to GE and Avco-Everett 
Research Laboratory and a grant waa awarded to the University of Tennessee Space 
Institute (UTSI). As the name implies, the emphasis in the PSPEC program was on 


1.3-33 


R81-955343-9 


"first generation" cooBereial HHD technology rather than on the aore advanced 
technology statue assuned in BCA8. Work on the P8BC MHD power plant concepts 
is being extended throt^h a program called the Conceptual Design Study of 
Potential Early Conaercial MHD Power Generation (C8PBC). NASA has awarded con- 
tracts for the C8PBC program to A and Avco. 

1.3. 3.1 MHD Power Plant Design Variations 

A large number of variations of MHD power plant configurations were considered 
in the BCA8» BPRI and P8PEC investigations. These variations are indicated in 
Table 1.3. 3. 1-1. In addition to varying the plant configurations, major plant 
parameters were also varied in order to determine the optimum plant designs and 
to' determine the characteristics of each configuration. Parameters which were 
varied included: 


air preheat temperature 
oxygen enrichment level 
ash carryover into channel 
seed concentration in channel 
combustor pressure and temperature 
extent of coal drying 
magnetic field strength 
channel loading parameter 


The plants ranged in sise from approximately 600 MWe to 2000 MWe for the EGAS 
program and from approximately 400 to 1000 MWe for the PSPEC and the BPRI programs. 

1.3. 3. 2 Descriptions of Selected MHD Cycles 

Several of the configurations considered in the EGAS and PSPEC investigations 
will be described in this section because of the insights revealed and their 
relevance to the selection of an HHD power plant configuration to be considered 
for use with over-the-fence gasified coal and with an integrated coal gasifier. 

Intesreted Low-Btu Gasifier Cycle 


The only cycle which included the use of a clean low Btu gas as a fuel for 
the HHD combustor was one which was investigated by Westinghouse in Phase 1 of the 
EGAS program, (Ref. 1.3-6). Figure 1.3. 3. 2-1 is a schematic diagram of this 
cycle. The gasifier is s Westinghouse fluidised bed gasifier incorporating 
high-temperature desulfurisation. The gasifier is integrated into the HHD cycle, 
in that the gasifier air is bled from the HHD compressor discharge after being 
preheated by the MHD exhaust gas. The clean product fuel gas is also preheated by 
the MHO exhaust gas. Steam is also supplied to the gasifier from the steam 
bottoming plant. A schematic diagram of the Westinghouse fluidised bed gasifier 
is shown in Fig. 1.3. 3. 2-2 (Ref. 1.3-7). 
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TABLE 1.3. 3. 1-1 

VARIATIONS IN MHD POWER PLANT OONFIGURATIONS 


Type of Fuel 

Illinois No. 6 coal 
Montana Rosebud coal 
North Dakota lignite 
Solvent refined coal (SRC) 

Types of Seed Material 

Potassium 

Cesium 

Fuel Utilisation by MHD Combustor 

Direct coal firing 
Integrated low Btu cleanup 
with fuel gas cleanup 
without fuel gas cleanup 
Char from air-preheater carboniser 

Combustor Type 

Single stage 
Multiple stage 

MHD Channel Interconnection 

Faraday 

Diagnoal 

Oxidiser 

Preheated air (high temperature) 

Oxygen enriched air 

Air Preheat Mode 

Direct-fired high temperature air heater (DFHTAH) 
Sepa^' ’'elv-fired high temperature air heater (SFHTAH) 
atmospheric pressure 
pressurised 
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TABLE 1.3. 3. 1-1 (Cont'd) 

VARIAT10N8 IN MHD FOUBR PLANT CONFIGURATIONS 


Fuel Source for SFHTAH 

Direct coal firing with slagging combustor 
Vapor from coal carboniser 
Integrated low Btu gasifier 
Chemically active pressuriaed fluidised bed 

Oxygen Supply 

Over-t he- fence purchase 

On-site high-purity air separation plant 

On-site low-purity air separation plant 

Bottoming Plant 

Air turbine 

Subcritical steam plant with reheat 
Supercritical steam plant with reheat 

Nitrogen Oxide Control Method 

Combustion control with homogenous decomposition 
Supplemental ammonia injection 
Supplemental catalytic decomposition 
Scrubbing for maximum HNO^ production 

Sulfur Recovery Method 

Seed regeneration 

Conventional flue gas desulfurisation 

Low Btu Fuel Gas Desulfurisation 

Combined sulfur recovery with HNO^ production 

Seed Regeneration Method 

PETC (i.e., PERC or USBM) process 
Formate process 
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PIG. 1.3.12-1 



MHD POWER PLANT CYCLE WITH INTEGRATED LOW BTU GASIFIER 
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FIO. 1.9.&2-2 



FLUIDIZED BED GASIFICATION PROCESS WITH HIGH TEMPERATURE 
SULFUR AND PARTICULATE REMOVAL 
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This eycU «aploys « direet-fircd high teaperature air haacar. Ho oxygan 
ia added to the air. Tha aaad aaeariat ia eaeiia. Since the aulfitr r aaio v al ia 
perfoned prior to cembuation, the aeed ia recovered priaarily in the fora of 
eeaiuB carbonate md recycled directly to the coa^uator along with additional aeed 
to nake up for loaaea. The atean hot toning plant enploya a aupercritical aingla* 
reheat atean cycle. For a nominal power plant output of 2000 MHe» the plant 
efficiency waa eatinated to be in the range of 46 to 54 percent, depending upon 
deaign conditiona. Thia efficiency conparea favorably with other EGAS configure- 
tiona conaidered by Heatinghouae, but the coat of electricity waa eatiaMted to be 
higher than thoae of the other configurationa. 

Direct Coal Fired Plant With Direct Air Preheating 


The MHD cycle which waa aelected in Phaae I of the EGAS progrem aa the a»at 
economical cycle waa a direct coal-fired MHD power plant with a direct-fired high 
temperature air heater. Thia ia the cycle for which (S conducted a conceptual de- 
aign atudy in Phaae 2 of the EGAS program (Ref. 1.3-1). A aiaq>lified acheawtic 
diagram of the GE cycle ia ahown in Fig. 1.3. 3. 2-3. 

In thia cycle, the oxidiaer ia air which ia preheated by the MHD exhauat gaa. 

The aeed ia potaaaium, which ia recovered from the exhauat gaa primarily aa 1^80^ and 
converted to K2COJ for recycle to the combuator. The aeed regeneration proceaa ia 
the "PERC" proceaa which requires a ayntheaia gaa such aa chat produced by a 
medium-Btu coal gaaifier. The ateam bottoming plant employa a aupercritical 
single-reheat steam cycle. For a power plant output of 1932 MHe, the overall 
efficiency is estimated to be 48.3 percent. The gross MHD generator output ia 
1406 MMe. The gross steam plant electric power output is 587 MUe and the plant 
auxiliary electric load is 61 MWe. The compressor power requirement is 372 MU, 
which is provided by steam-turbine mechanical drive. 

Figure 1.3. 3. 2-4 is a more detailed schematic diagram of this cycle. It 
illustrates the extent of integration of the MHD topping cycle, the MHD bottoming 
cycle and the seed regeneration system. Boiler feed water for Che ateam plant is 
heated in cooling passages in the walls of the combustor, MHD channel and diffuser; 
the air compressor is driven mechanically by a steam turbine; air for MHD combus- 
tion and air for aeed reprocessing are preheated by the MHD exhaust gas which ia 
also used for coal drying. 

Direct Coal Fired Plant With Indirect Air Preheating 

Both of the cycles described thus far in this section employ direct-fired 
high teaipersture air preheating. Although these cycles lead to high power plant 
efficiency, the direct-fired high temperature air heater is a component which 
requires significant advancesient in the current state-of-the-art in order to 
attain conercial feasibility. It appears that the practical approach to early 
cosBsercial MHD power generation is to employ a separately-fired high te^>erature 
air heater (8FHTAH) or to utilise a cycle idiich is baaed upon oxygen enrichment of 
the air. 
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MHD KMVER PLANT CYCLE WITH DIRECT-FIRED HIGH TEMPERATURE AIR PREHEATER 
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Pigur* l.3.3*2~5 i* a acliaMtle dlagraa of ona of cha SPHtAH cyclaa 
iavaatigacad by Avco in eha P8PBC prograa (Baf* 1*9*2). Iha NHD conbuator ia 
Biroccly firad wich coal. Honavar, tha 8PBTAU* nhich ia aora anacaptibla to 
pliigt^nt dua to aah, ia firad with a low Btu gaa produced froa coal in a aariaa of 
Ualbaan-Caluaha fined bad gaaifiar unite. All of the fuel gaa producad in the 
gaaifiar ia cleaned of particulate aatter, but only part (approniaately one half) 
undergoea aulfur raaoval (low ta^erature), aa ahoim in Pig. 1.9. 3*2*6. The fuel 
gaa ia preheated by mb exhauat gaa prior to ^*.*rning in the 8PH1AM conbuatora. 
the producta of coabuation froa the 8FUTAU un.v'.a are aixed with the MUD «K..auat 
gaa atreaa prior to diacharge to allow additional aulfur reawval in conjunction 
with aeed recovery. The MID eidiauat gaa ia alao util iced for coal drying. 

MID power planta of thia configuration were inveatigated in the aiae range 
of approniaately 400 to 900 MMe net power output. Eatiaated efficient iea ranged 
froa 41.4 to 43.2 percent, depending upon varioua deaign paraaetera. For a 
typical caae with a net power output of 936.1 NUe, the HDD generator d.c. power 
output ia 495 Mfe and the ateaa plant output in 611.6 MU, including electrical 
power generated and uechanical ateaa drivea for coa^reaaora and puapa. The 
cong>reaaor*drive power requireaent ia 113 HU and the total auxiliary load and 
related loaaea ia 57.5 HV, reaulting in a net plant power output of 936.1 NWe with 
an efficiency of 42.5 percent. 

The aeed regeneration aathod propoaed by Avco for thia cycle ia the fonaate 
proceaa. Thia procesa requirea a gaa rich in CO. The propoaed aource of CO ia a 
coke gaaifier. The fonaate proceaa producea Ca80^ which requirea diapoaal. 

Beat fron the MHD coe^uator channel and diffuaer ia uaed to heat boiler feedwater. 
The ateas plan* ia a aubcritical cycle with aingle reheat. 

Direct Coal*Pired Plant With Onycen Enricha»nt 

Figure 1.3. 3. 2*7 ia a achecMtic diagram of the oxygen*enriched*air cycle 
inveatigated by Avco in the PSPEC prograa (Ref. 1.3*2). The MHD conbuator ia 
directly fired with coal and the oxidiaer ia preheated to ao^rate tea^erature 
(within the current atate*of*the*art) by the MHD exhauat gaa. The oxygen ia 
provided by an on*aite air eeparation plant which ia integrated with the ateaa 
bottoaing plant by utilising ateaa*turbine drivea for the air eeparation plant 
coapreaaora. The air separation plant produces oxygen of 80*percent purity to 
provide a total oxygen content of the coabuation gaa of 29.2 to 39.1 percent by 
voluae. The propoaed seed regeneration aethod ia the foraate proceaa utilising a 
cidte gasifier to provide the required CO. As in the previous cycle, CaSO^ fron 
Che seed regeneration syatea must be discarded; MID coabuator and channel cooling 
provide boiler feedwater heating; the air coapresaor ia sceaB*turbine driven and 
coal drying ia acconplished with MHD exhaust gaa. ^e ateaa plant ia a aubcritical 
cycle with aingle reheat. 
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PLANT CYCLE WITH SEPARATELY-FIRED HIGH TEMPERATURE 
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mo power pleats of this configuration were investigated in the sise range 
of approximately 600 to 900 HWe net power output. Estimated efficiencies ranged 
from 42.9 to 44.4 percent, depending upon various design parameters. For a 
typical case, with a net power output of 930.7 Mie, the MHO generator d.c. power 
output is 523 MHe and the steam plant output is 636.3 MW including electrical 
power ^nerated and mechanical steam drives for compressors and pumps. The 
compressor'-drive power requiresMnt is 175.5 NW and the total auxiliary load and 
related losses is 53.1 MW, resulting in a net plant power output of 930.7 MWe with 
an efficiency of 43.4 percent. 

1. 3.3.3 Other MHD Configurations 

A number of other investigations have been conducted in recent years ediich 
have a bearing on the selection of a configuration for the combination of a coal 
gasifer and an MHO power plant. The emphasis in the U.S. is on direct coal-fired 
mo power generation. The program in the U.S.S.R. has been primarily directed 
towards the use of natural gas as a fuel. Although MHD experiments have been 
conducted in the U.S.S.R. with the combustion of coal, it is anticipated that the 
first Soviet large-*scale MHD power plant will be fired with natural gas. The only 
countries which have recently conducted investigations involving low or medium Btu 
gas as a fuel for the MHD combustor are India, Poland and Sweden. 

India has considerable reserves of coal with high ash content. The government 
of India is presently supporting an MHD research and development program which is 
aimed at developing an MHD plant using low Btu gas as a fuel. An invest igation-^.^^ 
was conducted during Che early stages of this program Co compare Che potential 
suitability of various gasification processes for MHD application (Ref. 1.3-8). 

The processes considered were Lurgi, blue water, Koppers-Totsek and producer gas. 
The primary criteria for comparison were Che theoretical flame temperature and the 
electrical conductivity of the plasma under various conditions of air preheat 
temperature and oxygen enrichment. All of the gases except producer gas were 
determined to be acceptable, with Lurgi gas being the most promising. A pilot 
plant is presently under construction which will ucilixe blue water gas as a fuel 
because of its availability at Che selected site. 

The MHD research and development program in Poland is aimed at direct coal 
firing. Theoretical investigations have been conducted in Poland regarding MHD 
with coal gasification, but inforsiation on these investigations is not presently 
available. A study was recently conducted in Sweden of an MHD cycle in which coal 
is gasified by use of Che exhaust gas from Che MHD generator (Ref. 1.3-9). Figure 
1.3. 3. 3-1 is a schematic diagram of this cycle. Investigations of this concept 
have previously been conducted in several countries, including the U.S. The 
concept leads to a very efficient power plant, but it is in a relatively primitive 
stage of develcpment compared to conventional coal gasification techniques. 
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no. 1.&3.3»1 


OxviM (T*m • 1000 ... 1600 K) 



MHO POWER PLANT CYCLE WITH TAIL GASIFICATION 
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A najor program in the U.8. ia the Engineering Teat Facility (ETF) progrma. 
Thia ia a facility which ia preaently in the planning atage. The ETF ia an MHD 
pilot plant with a net power output of aeveral hundred MWe and ia conceived to be 
the next major atep between facilitiea now under conatruction and the firat 
commercial acale MHD power plant. The ETF program waa initiated with the award by 
ERDA of contracta to GE, Weatinghouae and Avco for extenaive ETF conceptual deaign 
atudiea. Upon completion of theae atudiea, further work on MHO ETF deaign criteria 
and facility definition haa been conducted under program iianageamnt by MASA-Lewia 
Seaearch Center. The in^ortance of thia work liea in the fact that deciaiona 
being auide with regard to the MHD ETF configuration will largely determine the 
direction of current MHD reaearch and development programa. 
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2.3 Deteription of Advanced Coabined MBD/Steaa Power Plant 
2.3.1 Betablieh Operational Characteriatics 

Aa Indicated in the equationa preaented in the previoua aection* it ia 
neceaaary for the plaaaa to have a high electrical conductivity* a hi^ velocity 
and the etrength of the iopoaed aagnetic field nuat be high in order to extract 
electrical power econonically. The deaired order of nagnitude of the electrical 
conductivity ia approxinately 10 ohn*^ n*^; the Mach nuMber ia typically in 
the high aubaonic range and the aagnetic field atrength ahould be in the range of 
5 to 7 teala (where 1 teala ia equal to 10,000 gauas). 

Figure 2.3. 1*1 indicatea the neana by Which the deaired levela of conductivity, 
velocity and magnetic field atrength are achieved. A gaa becomea electrically 
conducting when free electrona are preaent in the gaa. The free electrona are 
introduced into the gaa when one or more of the conatituenta of the gaa become 
ioniaed. Thia requirea elevating the gaa to a high temperature and introducing a 
**aeed" material (a compound containing potaaeium or cesium) Which can ou>re readily 
be ionised at temperatures which can be achieved by practical means. The high 
temperature is achieved by coiDbuation of a fuel and air. However, the combustion 
temperatures, which are attainable from combustion of fossil fuels in air are typically 
in the vicinity of 2200*K (3S00*P) %riiich ia inadequate for obtaining the deaired 
electrical conductivity. In order to achieve a temperature in the vicinity of 
2800*K (4600*F) which is desired for MHD, the combustion air amst be preheated or 
the oxygen content of the air must be increased. Figure 2.3. 1-2 froo. Ret. 2.3-1 
shows the effects of air preheat tonperature and oxygen enrichment on combustion 
temperature. 

The desired velocity in the MHD channel corresponds to Mach numbers ranging 
from slightly subsonic to slightly supersonic. The velocity level is readily 
achieved by compressing the combustion air to pressures in the range of 5 to 10 
atmospheres. Expansion of the combustion products through a s«d>sonic or supersonic 
nossle connecting the combustion chamber to the MHD channel provides the required 
velocity. 

Magnetic field strengths as high as 5 to 7 tesla are attainable by the use of 
a superconducting magnet. This type of magnet consists of coils of special 
materials which completely lose their electrical resistivity when cooled to a very 
low temperature. Superconducting sMgnet systems for MHD operate at the temperature 
of liquid helium at atmospheric pressure which is 4.2*K. The only power require- 
ments for the magnet are for initial energizing of the coils and for refrigeration 
to keep the temperature at the desired level. 
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2.3.2 B««ie HMD Pow«r Plant Confifurationt 

Batad upon the raquiranantt for obtaining tha daairad lavala of alactrieal 
eonductivityt velocity and nagnetic field atrength, two baaic ainiwia MHO power 
generating plant configurationa are ahown in Fig. 2. 3. 2-1. One utiliaea oxygen 
enrichaent and the other utiliaea an air preheater. Typical pr^eat requiraaenta 
are 1650 to 1900*K (2500 to 3000*F) with no oxygen enrichaent or 650*K (1100*F) 
with an overall oxygen concentration of 30 to 40 percent by voluaa. In either 
caae« the oxidanta are fed under coapreaaion to the coabuator along with fuel and 
a aeed aaterial. The conducting gaaea which flow through the MHO channel conaiat 
of the producta of coebuation and the aeed aaterial. The aeed aaterial ia injected 
into the coabuator aa a potaaaiua or ceaiua coap^'^und auch aa K 2 COJ (potaaaiua 
carbonate). At the high teaperature attained ia the coabuator » the aeed coapound 
vaporixea and potaaaiua iona are foraed, providing free electrona. 

The teaperature of the gaa decreaaea aa it paaaea through the channel due to 
extraction of energy in the fora of electricity. When the gaa teaperature 
decreaaea to approxiaately 2300*K (3700*F), the conductivity ia too low to produce 
further electrical power econoaically. Thia liaita the electric power which can 
be extracted froa the HMD generator. The MHO generator configurationa ahown« 
however, can be uaed aa topping unit a in conjunction wi.th a ateaa bottoaing 
cycle. 

The electrical power output of the MHO channel ia in the fom of direct 
current. This nay be suitable for certain industrial applications such as aluninua 
production. However, for electric utility applications feeding into an existing 
grid systen, an inverter system is required for changing Che direct current output 
to alternating current, as shown in Fig. 2.3.2-1. 

One neane of attaining a higher efficiency is by utilising the high teoiperature 
exhaust gas frcsi the MHO generator channel to preheat Che air prior Co conbuacion 
aa ahown in Fig. 2.?>.2-2. Thia is referred to as direct-fired air preheating. 
However, Che technology of achieving such high air teaperatures with a gas idiich 
contains seed aaterials is beyond the present state of Che art. At Che present 
time, an upper linic of air teaperature for direct-fired preheating ia in Che 1100 
to 1300*K (1500 to 1900*F) teaperature range. 

Full utilisation can be sMde of Che MHO generator exhaust gas by adding a 
steam bottoming plant Co the systen discussed previously. A simple version of 
such a combined MHD/st^aa power plant cycle is shown in Fig. 2. 3. 2-3. The heat 
from Che gas leaving Che air preheater produces steaa which drives a stean 
turbine connected to a conventional electric generator. The a.c. output of this 
generator is combined with the a.c. output of the MHO generator inverter system Co 
provide power Co an electric utility network or to an industrial plant. For air 
preheat teaperatures in the vicinity of 2S00*F, an overall power plant efficiency 
of nearly 50 percent is projected. 
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Figure 2. 3. 2-4 shows the coiri>ined MHD/stesw cycle with the addition of 
systems for cleaning the e^aust gas prior to emission from the stack «id for 
processing the seed for recyling to the combustor. The gas clean-up system 
consists of a particulate removal systeai such as a hag filter system or an electro- 
static precipitator which is capable of collecting fine particles. This serves 
the dual prupose or recovering the seed material and reducing pollutant emission 
levels. By the time the exhaust gas has reached the gas clean-up system* it has 
been cooled to the point at which seed coq»ounds have first condensed and then 
solidifed and formed primarily R 2 COJ and There is a strong tendency 

for the formation of l^SO^ which limits the amount of sulfur oxides which 
enter the atmosphere without the need for a flue-gas desulfurisation system. The 
gas clean-up svitem removes both flyash and seed coaipounds from the gas stream. 

If the fuel cc< 1 *^ iins negligible sulfur* the collected seed cooqiound would be 
primarily R2C0^ which can be recycled directly to the combustor. If the fuel 
does contain a rignificant amount of sulfur* the seed compounds include K 2 S 0 ^ 
which must be converted into K 2 C 0 ^ before recycling to the combustor in order 
to meet environmental regulations on stack emissions of sulfur oxides. This 
conversion is accomplished in a chemical processing system which may be located at 
the plant site. 

2.3.3 MHD Power Plant Components and Subsystems 

The MHD power plant can be considered to be subdivided into three categories: 

. MHD Power Train 

. Heat Recovery Seed Recovery System 
. Balance of Plant 

The MHD power train includes the combustor* channel, diffuser, magnet and inverter. 
The channel has been described previously. The combustor, magnet and inverter 
are described in later sections. The diffuser is a diverging duct located at the 
downstream end of the channel. Its function is to efficiently reduce the velocity 
cf the gas before it enters the reatainder of the plant. 

The heat recovery seed recovery (HRSR) system includes the equipment through 
which the gas flows after leaving the diffuser. The functions of the HRSR are to 
cool down the gas while transferring heat from the gas to the boiler feedwater, 
steam and air and to remove seed compounds and ash from the gas. All other 
components and subsystems may be classified as balance-of-plant equipment. These 
include the steam turbine-generator, compressors, puiaps, fans, piping* electrical 
equipment, etc., as well as equipomnt which may be unique to an MHD power plant 
such as the seed regeneration system. 
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2. 3. 3.1 Coal Processiog and Conhuacion 

There are aeveral propoaed approaches to the utilisation of coal as the 
fuel for the KHD generator. Three approaches are illustrated schematically in 
Pig. 2. 3. 3. 1-1. As indicated previously* the MUD generator can be designed to 
operate in the presence of coal slag. Thus* the direct-firing of coal in the 
coabustor is a viable option. However* the slag has been observed to absorb seed 
material when the slag and seed cool dotm as the as flows through the coaiponents 
downstream of the MHO generator. The seed absorbed by the slag is very difficult 
to recover. The asiount of seed absorbed is found to be unacceptable unless 
approxisMtely ninety percent of the slag is rosoved either in the combustor* as in 
Pig. 2.3.3.1-l(a) or ismediately downstream of the diffuser as in Fig. 2.3.3.1-l(b). 
The third method of coal utilisation is to gasify the coal prior to combustion as 
indicated in Pig. 2.3.3.1-l(c). This can be done with or without fuel-gas sulfur 
removal since sulfur removal can be accomplished downstream of the MHO generator 
in conjunction with seed recovery and regeneration. 

Several combustor designs have been developed for MHO systems %ihich are 
capable of extracting large amounts of ash from the coisbustion products. One 
method is to use a t%io-stage combustor in which the t«nperature of cosibustion in 
the first stage is controlled by delivering less air to it. The slag is removed 
from the first stage and the remainder of the air is added to the second stage. 
Removal of over 90 percent of the slag from a t«ro-stage combustor has recently 
been demonstrated at the U.S. Department of Energy's Pittsburgh Energy Technology 
Center with a two-stage combustor as illustrated in Fig. 2.3. 3. 1-2. Another 
two-stage combustor design which has been proposed by TRW is shown in Fig. 2. 3. 3. 1-3. 
A single-stage ccmbustor* designed by Avco-Everett Research Laboratory for achieving 
high slag removal, is shotm in Fig. 2.3.3. 1-4. 


2. 3. 3. 2 Systems for Control of Pollutant Emissions 
nitrogen Oxides 

The very high temperatures occurring in the combustor of an MHD power plant 
are conducive to the production of nitrogen oxides through the fixation of nitrogen 
which is present in both the air and the fuel. Unless precautions are taken in 
the design of the plant, NO^ emissions will exceed allowable environsiental 
limits. Figure 2. 3. 3. 2-1 illustrates schematically the design features which are 
instituted to reduce emissions to acceptable levels. The amount of air 
delivered to the combustor is maintained at approximately 95 percent of the stoichio- 
metric requirements in order to reduce the initial production of nitrogen oxides. 
However, the incomplete combustion which thereby occurs results in production of 
excessive amounts of carbon monoxide. This makes it necessary to add additional 
air at a location where the gas has cooled to the point that the oxidation of 
nitrogen is no longer significant. This should be done in the 2400*F to 2900*'F 
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teaperature range. Addicionel decomposition of MO^ is achieved by control of 
the cooling rate of the gas as it passes through the critical temperature range of 
3300*F to 2900*F. This is achieved by ensuring sufficient residence time in the 
components immediately downstream of the diffuser. For examplei a radiant boiler 
at this location would provide the required cooling rate for the gas. 

Particulates 


The particulate matter in the exhaust gas includes ash and compounds of 
potassium. Typical potassium compounds may incude: 

KjSO^ 

K2CO3 

KOH 

KO 

KHCO 3 

K2S 

K2S2O7 

KHSO 4 

For fuels with high sulfur content, the predominsnt compound at low temperatures 
is K 2 S 0 ^. For fuels with low sulfur content, the predominant compound at low 
temperature;^ is K 2 CO 3 . 

Condensed or solidified materials adhere to surfaces of components in the 
equipment downstream of the generator or are entrained in the gas stream and 
carried further downstream. Liquid or solid materials are continually or intermit- 
tently removed from the surface (for example, by sootblowers) to prevent excessive 
build-up and seed loss. The materials removed from the surfaces are either 
collected at the bottoms of the various components or entrained in the gas stream. 
Particles which are carried in the gas stream are collected by either a baghouse 
filter or an electrostatic precipitator to prevent excessive pollutant emissions 
as well as for the purpose of recovering seed. 

Sulfur Oxides 


As discussed previously, the mechanism most frequently proposed for sulfur 
emissions control in an NHD power plant is by means of the formation of K 2 S 0 ^ 
and its subsequent removal from the MHD exhaust stream by means of baghouse 
filters or electroststic precipitators. The potassium is required for MHO to 
enhance the electrical conductivity of the gas. For fuels with moderate-to-low 
sulfur content, the amount of seed required for schieving adequate gas conductivity 
is more than is required to extract sulfur from the gas. For fuels with high 
sulfur content, the potassium which must be added for sulfur extraction may be 
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only nlighcly grencer than that raquirad for conductivity. Duo to the coat of 
potaaaiuBi it ia neceaaary to rocovor aa much of it aa poaaiblo to re-uao in the 
combuator. Thua there ia no added penalty aaaociated with the removal of aulfur 
oxidea from the gaa atream. However, the recovered K280^ aniat be converted to 
K2CO3 before recycling. It hae been projected that approximately 95 percent 
of the potaaeium muat be recovered for economic reaaone. 

Seed Begeneration 


The amount of aeed required to achieve adequate electrical conductivity of 
the ioniaed gaa ia equal to approximately 15 percent of the maaa of fuel when the 
fuel ia coal. It ia eatimated that at leaat 95 percnet of thia aeed muat be 
recovered and recylced to make the plant operating coat acceptable. When low 
eulfur fuels are used, the seed is collected priamrily as K2CO2 with small 
amounts of R2S0^. Sufficient K280^ muat be converted to K2CO3 before 
recycling to the combustor to meet environmental regulations. When hi^ sulfur 
fuels are used, most of the collected seed is in the form of K2S0^ and a large 
percentage of it must be converted to K2COJ before recycling. The regeneration 
process includes separation of ash from the aeed as well as conversion of potassium 
sulfate to potassium carbonate. 

A seed regeneration process which has been investigated at the Pittsburgh Energy 
Technology Center involves two stages with the following reactions: 

Reduction: 

K2SO4 4 CO K2S ♦ 4 CO2 

K2SO4 ♦ 4 H2 -» K2S 4 H2O 

Regeneration: 

K2S ♦ CO2 ♦ H2O -♦KjCOj ♦ H2S 

In this process, coal is supplied as a fuel to provide a C0»H2 producer gas 
for the process and the hydrogen sulfide is converted to elemental sulfur in a 
Claus plant. This process is presently in the "bench-scale" stage of development. 

An alternate regeneration process is the Formate process based upon the 
chemical reaction 

K2SO4 * Ca (OHlj ♦ 2 CO 2 KCOOH ♦ CaSO^ 
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This process wss used eoBnercielly for production of K2CO3 from 1(280^1 
but hes since been abendoned as it becasM swre econooiieal to produce K2^3 
fron other feedstocks. In an MHO power plant » the steps in the process would 
be: 

1. Gasification to produce carbon aonoxide (CO); 

2. Dissolving of recovered seed (K280^) and slurrying of lime (Ca(0H>2); 

3. Reaction of CO, K280^ and Ca(0H)2 to produce soluble potassium 
formate (KCOOH) and insoluble calcium eulfate (CaSO^); 

4. Filtration of CaSo^; 

5. Bvsporstion of water from KCOOH; 

6. Recycle of KCOOH to combustor. 

2. 3. 3. 3 Heat Recovery-Seed Recovery System 

There are a number of alternate ways in which the heat recovery components 
downstream of the diffuser can be arranged. The heat recovery-seed recovery 
(HRSR) components include steam generating equipment, superheater, reheater, air 
preheater(s), economiser(s), a bag-house filter or electrostatic precipitator, an 
induced-draft fan and a stack. A portion of the gas stream may be diverted for 
the purpose of drying the coal. Figure 2.3.3.? '1 ahows one possible arrangement. 

The system depicted in Fig. 2. 3. 3. 2-1 employs a direct-fired high-tesqierature 
air heater. The first component through which the MHD generator *<iffuser exhaust 
gas flows is a radiant boiler. This component is placed here primarily because of 
Che need for high gas residence time to allow slow cooling through a critical 
temperature range to enhance the decomposition of nitrogen oxides. The secondary 
air for completion of combustion smy be added before or after the gas flows 
through the high-temperature air heater de;>ending upon the temperature drop of the 
gas through the radiant boiler section. The steam superheater and steam reheater 
sections of the plsnt follow the high-temperature air heater and these, in turn, 
ere followed by a low-temperature air heater. 

The reason for splitting the air heater into a high-temperature and a low- 
temperature section is due to sMterials considerations. The low-temperature air 
heater would be a recuperative type of heat exchanger of metallic construction. 

The upper limit of this type of heat exchanger would be an air outlet tes^erature 
in Che vicinity of llOO^K (1300*^F) due to Che presence of seed sMterials in 
the gas. The high-temperature air preheater would be of the regenerative type. 

The outlet temperature of the air fron the high-temperature air heater is highly 
dependent upon advsnees in the state of the arc. Figure 2. 3. 3. 3-1 also shows an 
economiser located downstream of the low-temperature air heater. The economiser 
brings Che gas temperature down to a range which is suitable for an electrostatic 
precipitator or a bag filter system. 
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Several elcemece heat recovery eyacea flow creia erren^ente ere ehown in 
Fit* 2. 3. 3. 3-2. Bach it baaed upon a different aeana of achieving a hi^ air 
preheat teaperature. Arrangeaent A ahowa a direct fired air preheater. Arrange- 
aenta C and ti ahow at para tely- fired arraageaenta. Arrangeaent B utiliaea clean 
fual fired at ataoapheric preaaure. Arrangeaent C utiliaea clean fuel fired at 
high preaaure with the coDibuation gaaea driving a turbine after preheating the 
air. Arrangeaent D utiliaea low-Btu gaa provided by a coal devolatiliaer. 

Figure 2. 3. 3. 3-3 it a acheaatic diagraa of the condenaate, feedwater and ateaa 
flow ayatea in the atean bottoaing plant. A aingle deaerating feedwater heater ia 
ahown. Additional feedwater heatera nay or may not be neceaaary due to the aubatan- 
tial theraal energy which can be picked up froa the MHD exhauat gaa and the cooling 
ayatea for the coabuator* HHD channel and the diffuaer. The cooling of the MHD 
flow train ia achieved by Mana of aecondary flow loopa. The air coapreaaor ia 
ateaa-turbine driven. Thia requirea a aubatantial aaount of power. For exeaple, 
a plant with a net electrical power output of 1000 MW may utiliae aa nuch aa 150 
MU of nechanical drive power for the air coaq>reaaor ayateaa. The aain ateaa 
turbine ahown ia a aingle reheat turbine. 

2. 3. 3.4 High-Teaperature Air Preheating 

The higheat air preheat temperaturea can be achieved by the intemittently- 
operating regenerative type of air preheater. Thia type conaiata of aeveral 
veaaela, each encaaing a matrix of ceramic refractory aateriala. The oMtirx ia 
alternately heated by the hot gaa and cooled by the air, thereby tranf erring heat 
from the gaa to the air. Multiple veaaela in parallel and awitchover valvea are 
employed to deliver a continuoua aupply of preheated air. Figurea 2. 3. 3. 4-1 and 
-2 are aimplified diagrama ahowi ig a veaael croaa-aect ion with a matrix conaiating 
of hexagonal -ahaped cored bricka with internal flow paaaagea. Aa many aa 10 to 20 
veaaela may be required. Maximum air preheat temperaturea in exceaa of 3000*^F 
have been achieved with minimum deterioration of matrix materiala util icing a 
clean gaa aa a heat aource. Air preheatera utilicing, aa a heat aource, gaaea 
containing alag or aeed are not yet capable of auatained operation at temperaturea 
high enough for economical operation of an MHD/ateam power plant. 

2. 3. 3. 5 Superconducting Magnet 

Magnetic field atrengtha of 3 to 7 tealaa are required over volumea of aeveral 
hundred cubic metera in order to obtain the overall efficiency advantagea of MHD 
power generation. Theae field atrengtha are much greater than the 2-teala field 
atrengtha that can be provided by a water-cooled conductor, iron pole magnet of 
medium power. The power requirement a of a 6-teala aMgnet uaii.g water-cooled 
-.opductora would exceed the power output of the generator. Therefore, large-volume 
aupcrconducting magneta are required for efficienct MHO power generation. The 
only power continuoualy conaumed by a auper conducting-magnet ayatem ia that t«hich 
ia required for refrigeration to maintain the magnet coila at liquid helium 
temperaturea. 
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The superconducting issterial being considered for MHD epplicstion is niobiun* 
titeniuB (NbTi) which is s superconductor st the temperature of liquid heliun 
(4.2*hC). In order to maintain the material in a superconducting state it is 
necessary to ’'stabilise** the superconductor* Stability is achieved by construct* 
ing the coils with HbTi imbedded in a copper substrate. This prevents the entire 
coil from reverting to its "normal" (non-superconducting) state when small local 
temperature excursions cause a small region of the coil to temporarily go normal. 

The most efficient configuration for an HHD magnet is the "saddle coil" 
illustrated schematically in Fig. 2. 3. 3.5-1 from Ref. 2.3-2. The coils must be 
cooled by circulation by liquid helium and the entire magent structure must be 
thermally insulated from the channel in the bore of the magnet as well as from the 
surroundings. The extremely high electric currents and magnetic field strengths 
existing in the magnet generate very large stresses %rhich tend to distort the 
magnet. A very substantial structure is required to restrain these forces. 

Figure 2. 3. 3. 5-2 from Ref. 2.3-3 illustrates a superconducting magnet which is 
currently under construction or in the initial stages of construction for the 
Component Development and Integration Facility. Figure 2.3. 3. 5-3 from Ref. 2.3-4 
is a block diagram of the cryogenic support system required for maintaining the 
magnet coils at liquid-helium temperature. 

2. 3. 3. 6 Inverter Systems 

The MHD generator produces direct current electricity %d)ich must be converted 
to alternating current for electric utility utilisation. The inverter system 
which converts d.c. power to a.c. power must meet the unique requirements of an 
MHD generator. For the Faraday type of MHD channel configuration the d.c. electric 
power is extracted from the channel via a very large number of individual electrode 
parts. It is necessary to consolidate these individual outputs in conduction with 
the inverter system. Figure 2. 3. 3. 6-1 from Ref. 2.3-1 illustrates a consolidation 
network for combining the electrical output of twelve individual electrodes. Fig- 
ure 2. 3. 3. 6-2 also from Ref. 2. 3.-1 illustrates, schematically, the manner of 
consolidating the outputs for either a Faraday or Diagonal type of channel. Although 
the inverter network for MHD application is unique, the equipment required for the 
inverter system is not unique for MHD. 

2.3.4 Re commend a cions for Selection of MHD Power Plant Baseline Technology 

Several alternate MHD power plant configurations were identified and described 
in the preceding sections of this report. The selection of one or s»re of these 
configurations depends upon the guidelines and selection criteria which are 
established. The major guidelines followed in selecting an HHD power plant 
configuration are that Che MHD power plant be of a type which is: 

. suitable for "early commercial" operation by a utility company 

. economically attractive compared to alternate configurations 

. currently receiving support under the U.S. Government MHD program. 
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FIG. 2 3.3.5-2 
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FIG. 2.3.15-3 
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Th« first guideline nerrowe the choice to cycles uhich employ sepsrately- 
fired high temperature air heaters or oxygen enrichment since direct lyfired high 
temperature air heaters require considerably more development. The second criter- 
ion favors the oxygen enrichment cycle since it appears to have a slight economic 
edge over the separately-fired high temperature air heater case. The third 
criterion also favors the oxygen enrichment case since a "decision was made by the 
Director of the DOB Office of MHD in August 1979 to select the oxygen enrichment 
option for use in the ETF and the target commercial plant/' according to a recent 
report (Ref. 2.3-5). 

On this basis, the oxygen enrichsient option has been selected for the present 
investigation and the specific configuration and design parameters of the oxygen 
enriched cycle investigated by Avco in the P8PEC program have been selected as a 
reference plant. The baseline technology characteristics are given in Table 
2. 3.4-1. 
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TABLE 2. 3. 4-1 

BASELINE TECHNOLOGY FOR OOAL-FXRED MHD COMBINED CYCLE POHER PLANT 

Illinois No. 6 Coal 


MHD 


Oxidizer Flow, 

Ib/sec (342 O 2 ) 

1008 

Conbuation Tenperature, 

F 

4675 

Prcaaure Ratio 


9.1 

Magnet Strength, 

Tesla 

6 

Power Output, 

MW(dc) 

554 

Steam System 

Throttle/Reheat Temperature, 

F/F 

1000/1000 

Throttle /Reheat Preaeure, 

psi/psi 

2400/444 

Throttle/Reheat Flow, 

Ib/sec/lb/sec 

974/735 

Power Output 

MW 

684 

Overall Plant 

Total Potwr, 

MU 

1238 

Net Power, 

MW 

OP 

04 

Heat Rate, 

Btu/kWh 

7828 
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3.3 Bvaluation of Coal-D«rivod Fuolo for MHD Potrar Conoracioii SyotoM 

lh« object ivo of this tMk io to dotoraino tho ovorall power pUnt efficiency 
of en open*cycle lUD power plant ueing Mdiun**Btu MBe gee delivered to the power 
plant vie pipline. The propertiea of the gee delivered to the power plant will 
he eetebliehed end any further proceeeingt if neceaeeryt will be identified. 

Baaed upon the fuel gee character iat ice, the perfonMnee of the MHD power plant 
will be deecribed. 

The aajor empheeia in the Oepertawnt of Energy MHD progrea ia on direct 
coal'fired (DCF) open^ycle MHD power generation. Thia enphaeia ia baaed 
upon the reaulta of a nunber of conparative inveatigationa in Hhich direct 
coal'firing haa been judged to be the aK>at econonical approach. Aa a reault, 
a large amount of data haa been developed on cycle performance and plant coata 
for DCF MHD. The only conprehenaive inveatigation currently being conducted 
in MID power generation ut Hieing coal^derived gaa aa a fuel ia in India 
(Ref. 3.3-1). 

In the inveatigation reported herein, a DCF MHD plant ia aelected aa a 
reference caae. Modificationa due to uaing MBG aa a fuel are identified and 
the changea in performance are calculated. Thia procedure takea advantage 
of the conaiderable aiaount of recently-developed eatiaMtea of DCF MHO power 
pi :*nt performance (Ref. 3.3-2). 

3.3.1 Definition of Fuel Gaa Requirementa 

One of the moat critical parametera of an MHD generator ia the electrical 
conductivity of the plaama. The plaama acquiree ita electrical conductivity 
aa the aeed material ionisea at very high temperature. For a given amount 
of aeed material in the producta of combuation, the electrical conductivity 
ia very acnaitive to the temperature, ao that apecial meaaurea are taken to 
achieve high flaiae temperature. Theae meaaurea include enrichment of the com- 
buation air with oxygen and preheating the enriched air and, poaaibly, the fuel. 
For a given fuel and a given oxidiaer (enriched air), the conductivity at a 
given temperature dependa atrongly on the coeipoaition of the producta of 
combuation. 

A complete determination of the auitability of a coal-derived gaaeoua fuel 
for application in an MHD power plant and the optimum fuel conditiona requirea 
the determination of the electrical conductivity of the producta of coadniation 
over a range of fuel and oxidiaer con^^itiona. Becauae an accurate determination 
of the electrical conductivity of candidate fuela ia beyond the acope of the 
preaent inveatigation. The approach taken herein ia to determine the conditiona 
which are neceaaary for attaining the aMe levela of electrical conductivity 
aa are projected for the DCF MHO power plant reference caae. 
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Th« oxyg«n-blown Texaco and Briciah Gas Corporation (BGC) slagBinB gasifiars 
wara salaccad as cha gasifiars to provide Bedi«tfrBtu fuel gas for transport in 
pipelines to the power generation site. Propartias of the fuel ^s froai each of 
these gasifiars, based on Ref. 3.3*3, are given in Table 3. 3. 1*1. Since the 
conductivity of the products of coodnistion ware not dataminad directly, it was 
ascertained idicchtr or not the flaaa tas^araturas are sufficiently hi^ for 
achieving adequate conductivity. Thus flasw taaparaturas ware datarainad for 
coabustion of the two types of fuel gas with several different oxidants under 
several sacs of conditions. Tiia results of the flana taaparatura calculations are 
given in Table 3.3. 1*2. Oxidisar coapositions investigated include unenriched 
air (20.74 percent O 2 by voluae) and enriched air with oxygen concentrations 
of 28 percent and 35 percent. In all cases, the oxiditer was considered to 
be preheated to 1100*F. The fuel gas was considered to be preheated to 1100*F 
or to be delivered to the combustor at the pipeline temperature of 68*F. The 
pressures considered were 6 ataospheres and 8 ataospheres. 

As seen in Table 3.3. 1-2, the flasw teaperatures deterained range from 
a ainisHia of 4207*F for the coabustion of - the Texaco fuel gas with unt-nriched 
sir St 8 ataospheres to s aaxiaua of 4870*F for the coabustion, at a pressure 
of 8 ataospheres, of the BGC slagging gasifier fuel gas with air enriched to 
35 percent O 2 by voluae with both the oxidiser and the fuel gas preheated 
to 1100*F. The acutsl stagnation teaperature at the inlet to the MHD generator 
will be lees than the cstiasted flame teaperature due to heat loss to the walls 
of the combustor and heat absorption due to vaporisation and ionisation of 
the seed. 

In the DCF MHD reference plant, the MUD generator inlet stagnation tea- 
perature is in the 4650 to 4800*F range. Achieving an MHD generator inlet 
stagnation teaperature in this range for the MBC-fired MHD plant is estiasted to 
require an adiabatic flasw teaperature in the 4750*F to 4900*F range. It is 
observed in Table 3. 3. 1*2 ^hat the lower end of this range can be achieved with 
the Texaco MBC at a pressure of 8 ataospheres utilising air enriched with oxygen 
to 35 percent by voluae if the oxidiser and the MBC are preheated to 1100*F. 

Under the sasw conditions, the adiabatic flame temperature for coabustion of BGC 
aediua-Btu gas approaches the upper end of this range. The MBG is delivered to 
the plant site at pressures well in excess of the required pressure and at a 
teaperature above 75*P to prevent condensation of aoisture. No further con- 
ditioning of the fuel gas is required except for preheating to achieve the 
necessary flaae te^>erature. The exhaust gas froa the MHD generator will be 
utilised to preheat the MBC at well as the oxidiser. 
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E lement 

CH4 


H2 

CO 

CO2 

H2S 

+ 

COS 

Ar 


H2O 


TABLE 3. 3.1-1 

GAS COMPOSITIONS 

Texaco Gas 
Vol. % 


0.1 


35.6 


52.4 

10.8 


100 ppm 


0.8 


0.2 


0.1 


BGC Gas 


8.4 


30.6 

58.5 


1.9 


100 ppm 


0.5 


0 


0.1 


100.0 


100.0 


Heating Values, LHV 

LHV, Btu/scf 267.5 349.1 

LHV, Btu/lb 4949 6825 
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3.3.2 Identification of Power Generation Facility 

The direct coal^fired MHD power plant configuration which has been selected 
as a reference plant is the conceptual design for an oxygen-enriched MHD power 
plant investigated by Avco-Everett Research Laboratory in the Parametric Study of 
Potential Early Commercial (PSPEC) MHD Power Plants (Ref. 3.3-2). A schematic 
diagram of the cycle configuration for this reference plant is shown in Fig. 

3. 3. 2-1. A schematic diagram of its steam and feedwater cycle configuration 
is shoim in Fig. 3. 3. 2-2* 

This reference plant configuration was investigated in the PSPEC MHD study 
over a range of sizes and parameters. The base case is a 931-MWe plant utilizing 
enriched air with 35 percent oxygen by volume preheated to 1100*F by the MHD 
generator exhaust gas. Th3 fuel is Montana Rosebud coal. Variations investigated 
included power plant size reduction to 614 MWe» oxygen enrichment levels ranging 
from 29 percent to 39 percent, oxidizer preheat levels ranging from lOOO^F to 
1400*F and utilization of Illinois No. 6 coal as an alternate fuel. 

The oxygen for enriching the air is provided on an on-site air separation 
plant which produces oxygen with a purity of 80 percent. The air separation 
plant compressor— drive turbines are driven by steam from the MHD power plant 
bottoming cycle. Steam from the bottoming cycle also drives the compressors 
for the combustion air. The steam bottoming plant boiler feedwater is used 
for cooling the combustor, MHD generator and diffuser. The steam turbine is 
a subcritical unit operating at 2400 psia/1000*F inlet conditions with 1000*F 
single reheat. Stack gas from the steam bottoming plant is used for drying the 
coal. Extensive coal drying is required in order to maximize the flame temperature 
and the plasma electrical conductivity. The recovered seed is converted from K2S0^ 
to K2CO3 by means of the formate seed regeneration process %ihich produces CaSO^ 
as a by-product which requires disposal. The formate process also requires fuel 
gas produced from an on-site coal gasifier. 

The performance of the MBG-fired MHD plant is determined by identifying 
the differences between the MBG-fired MHD power plant and the reference plant. 

These differences arise from the fuel and fuel characteristics. For the DCF MHD 
plant, there is need for coal handling and processing and means must be provided 
for dealing with the coal ash and sulfur. The MBG is essentially free of ash and 
sulfur and has different chemical composition and heating value* The differences 
between the two types of MHD power plant may be categorized as differences in 
plant configuration, operational differences and performance differences. 

The change in fuel means the elimination of facilities and equipment for 
delivery, storage drying, pulverizing, pressurization and injection of coal. These 
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items ere repleced with medium-Btu gas piping and flow controls. An additional 
heat exhanger is required for preheating the MBG prior to combustion. 

The absence of coal ash in the MBG fuel has several implications. The 
combustor is considerably simplified since it is not necessary to remove slag 
from the combustor. There will be no build-up of a slag layer on the walls of 
the MHD generator. This entails a considerable change in MHD channel design 
which is related more to channel lifetime and isaterials selection than to channel 
performance. The equipment downstream of the MHO generator will be relieved from 
problems associated with slag, including deposits, corrosion, fouling, seed 
absorption and ash removal. There is also no requirement for facilities and 
equipment for ash handling and disposal. 

The absence of sulfur in the MBG fuel introduces the possibility of several 
modifications in MHD power plant configuration. Since the seed does not need 
to play a role in sulfur emissions control, the amount of seed injected into the 
combustor is the optimum amount required for achieving high plasma electrical 
conductivity, rather than the amount required to achieve the necessary sulfur 
emissions control. Furthermore, the option becomes available of injecting the 
seed into the combustor in the form of K^SO^ instead of a sulfur-free compound. 

The need for a seed regeneration system is eliminated since the fuel is virtually 
sulfur-free. This not only eliminates the seed regeneration facility itself, 
but also the associated coal gasifier, the CaO delivery and handling system and 
the CaSO^ disposal system. 

The changes in configuration of the heat recovery seed recovery system 
(HRSR) include the addition of a heat exchanger to transfer heat from the MHO 
generator exhaust gas to the MBG fuel and the elimination of the need to divert 
some of the stack gas to the coal drying system. The elimination of design 
constraints due to the absence of ash and sulfur in the gas stream introduce 
additional flexibility in certain design details which may lead to small improve- 
ments in performance and reductions in cost. A major change in balance-of-plant 
systems arise from elimination of ash and CaSO^ disposal. Figure 3. 3.2-3 is 
a schematic diagram of the cycle configuration for the MBG-fired MHD plant based 
upon the cited modifications of the DCF MHD plant. 

The overall performance of each of the MBG-fired MHD power plants is determined 
by estimating the performance modifications for each component and subsystem and 


* In the DCF MHD power plant, sulfur is captured by the seed material and collected 
from the gas stream in the process of recovering the seed. Sulfur is removed 
external to the cycle in a seed regeneration system and the seed is recycled to 
the combustor in a sulfur-free form. 
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determining the^r cumuletive effects. The component and subsystem performance 
smdificstions ere determined by sMking direct compsrisons between the MBG-fired 
MHD power plants and the DCF MHD power plant. The thermal input to the MBG^fired 
MHD power plants is taken to be the same as the thental input to the MHD combustor 
of the reference plent. based upon the fuel higher heating value. This input 
is 2174 Mwt (7420 x 10^ Btu/hr). 


The operating conditions such as magnetic field strength and steam throttle 
conditions for the MBG-fired MHD power plants are generally taken to be the same 
as for the DCF MHD reference plant. However, combustor pressures for the MBG 
cases are taken to be greater than that for the DCF case. The reason for this is 
chat the selection of the pressure is based upon a trade-off between MHD generator 
output and the power consumption of Che oxidiser compressor, both of %«hich 
increase with increasing pressure. Since Che oxidizer flow rates for the MBG 
cases are less Chan that for Che DCF case, it is advantageous to operate at 
higher pressure. This helps to compensate for the lower combustion temperatures 
of Che plasma /or the Texaco MBG case. 

The MHD generator output will be lower for the Texaco MBG case, due primarily 
to the lower combustion temperature, and, hence, lower conductivity. The 
heat loss for the MBG-fired MHD combustors are less than chat of the DCF MHD 
because of the requirement for slag removal from the combustion products for the 
DCF combustor. The MHD channel and diffuser heat loss for the DCF is less than 
chat for the MBG cases because of the insulating effect of the slag layer in the 
DCF case. However, the heat losses from the combustor, channel and diffuser 
are picked up by boiler feedwater for the steam bottoming plant. 

The compressor power consumption for the oxidizer for the MBG cases is 
reduced relative to that for the DCF case due to the lower oxidizer flow rates 
for the MBG-fired power plants. The air separation plant power consumption for 
the MBG cases is also lower chan that for the DCF case because of the reduction 
in oxygen demand. 

The oxidizer preheating requirement is also reduced for the MBG cases 
because of the lower oxidizer flow rates. However, this advantage is sure 
Chan offset by the necessity to preheat the medium-Btu gas itself in order to 
achieve high combustion temperatures. The requirements for coal drying energy 
and fuel for seed reprocessing are eliminated for the MBG cases. 

The estimated performance for the two MBGF MHD power plants are given 
in Table 3. 3. 2-1. The performance levels for Che Texaco and BGC gas fuels 
are 43.4 and 44.0 percent, respectively, based upon fuel higher heating value. 

The efficiencies based upon lower heating values are listed, respectively, as 
46.3 and 47.6 percent, for comparison with the fuel cell and combined cycle 
cases. The lower performance of the plant utilizing Texaco MBG is due primarily 
to the lower MHD generator output resulting from the lower electrical conductivity 
associated with lower combustion temperature. 
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TABLE 3. 3. 2-1 

PERFORMANCE ESTIMATES FOR MHD SYSTEMS 


Texaco BCC 

Fuel System: 


Flow Rate (Ib/eec) 

390.4 

282.7 

Heating Value» HHV (Btu/lb) 

5282 

7290 

MHO Generator: 

Oxygen Enrichment (Z by Vol.) 

35 

35 

Oxidizer Flow Rate (Ib/sec) 

652 

693 

Oxidizer Preheat Temp. (°F) 

1100 

1100 

Fuel Preheat Temp. (^F) 

1100 

1100 

Seed (Z K by Wt.) 

1.0 

1.0 

Pressure Ratio (Compressor) 

11.5 

10.5 

Combustor Exit Temp. (°F) 

4650 

4750 

Magnet Strength (Tesla) 

6 

6 

MHD Gen. Output, dc (MW) 

510 

560 

Steam Cycle: 

Throttle/Reheat Temp. (°F/®F) 

1000/1000 

1000/1000 

Throttle/Reheat Pres, (psi/psl) 

2400/444 

2400/444 

Throttle/Reheat Flow (Ib/sec/lb/sec) 

913/689 

886/668 

Power Output (MW) 

641 

622 

Overall Plant: 

Total Power (MW) 

1151 

1182 

Net Power (MW) 

944 

969 

Heat Rate, HHV - basis (Btu/kwh) 

7864 

7652 

Heat Rate, LHV - basis (Btu/kwh) 

7368 

7164 

Efficiency, HHV - basis (Z) 

43.4 

44.6 

Efficiency, LHV - basis (Z) 

46.3 

47.6 
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Task 4.3 Evaluation of Intagrated Gasification MHD Power Systems 

The objective of this task is to determine the overall power plant efficiency 
of an integrated gasification MHD (IGMHD) power plant. Two types of gasifiers 
will be considered and the performance of the two resulting power plants 

will be compared. Flow sheets for the gasifiers, the oxygen-blown Texaco and 
British Gas Corp . slagging types, are those previously developed by the contrac- 
tor as agreed upon by NASA and the contractor. 

4.3.1 Identification of IGMHD Power Plant with Texaco Gasifier 

The MHD power system described in Section 3.3.2 utilizing medlum-Btu gas 
(MBG) derived from the oxygen-blown Texaco gasifier will be used as the basis for 
the IGMHD power plant. The operating conditions are the same but the equipsient 
output differs because of different steam loads in the power plant and power con- 
sumption by the gasification system. Figure 4, 3.1-1 is a schematic for the inter- 
facing between the gasification plant and the MHD power plant. Figures 4. 3. 1-2 
and 4. 3.1-3 are schematic diagrams of the MHD plant. 

The fuel gas leaving the gasifier (1) is split, one stream being water 
quenched (2) to remove slag vdiile the other passes through a high-pressure boiler 
(3). Prior to going through the boiler, the hot gas temperature is moderated by 
a recycle scream of cool gas (9). The steam raised in the high-pressure boiler 
(19) is superheated in the MHD boiler and then goes to the high-pressure turbine 
in the steam cycle of the MHD power plant. The fuel gas from the high-pressure 
boiler goes to a fuel gas regenerator (4). an intermediate- pressure boiler (5) 
and a low-pressure boiler (6). 

The steam from the intermediate-pressure boiler (20) is combined with steam 
from the sulfur plant boiler. It is superheated by means of the exhaust gas from 
the MHD generator and goes to the intermediate pressure turbine of the MHD plant. 
Steam from the low pressure boiler is split into two streams. One scream is 
used for the gasification process and the other is fed to a feedwater heater 
(HTR.2) in the MHD steam bottoming cycle. This reduces the amount of extraction 
steam from the steam plant turbines and raises the turbine output. 

The fuel gas is scrubbed (7) and parses through a fuel gas regenerator (9) 

CO a feedwater heater (10), allo«dng further reduction in the extraction steam 
required from the MHD plant steam turbines. This feedwater heater allows elimina- 
tion of HTR which had appeared in the Fig. 3. 3.2-2. Additicn-1 heat exchangers 
are needed to reduce the gas temperature prior to sulfur removal. 
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FIG. 4.3.1. 1 
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Following desulfurization, the low-temperature fuel gas passes through the 
two regenerators (14, 15) to raise the temperature of the fuel gas to 1100 F at 
the inlet to the fuel-gas expander (16). The expander lowers the fuel gas 
pressure to the level required for injection into the MHD cond>ustor and provides 
additional shaft power. Since the expansion also reduces the temperature, 
additional heat is provided from the MHD exhaust flow (17, 18) to bring the 
fuel gas temperature up to 1100 F, which is required to produce a combustion 
temperature adequate to achieve high electrical conductivity of the plasma. 

The estimated performance for the Texaco-based IGMHD plant is given in Table 
4. 3. 1-1. 


4.3.2 - Identification of IGMHD Power Plant with BGC Gasifier 

The MHD power system described in Section 3.3.2 utilizing medium-Btu gas 
(MBG) derived from the oxygen-blown BGC gasifier will be used as the basis for 
the IGMHD power plant. The operating conditions are the same but the equipment 
output differs because of interchanges of flows and energy between the gasifier 
and the power plant. Figure 4. 3.2-1 is a schematic for the interfacing between 
the gasification plant and the MHD power plant. Figures 4. 3. 2-2 and 4. 3. 2-3 
show the corresponding schematics for the MHD plant. 

The fuel gas leaving the gasifier undergoes a quench (1) and transfers heat 
for feedwater heating (2) prior to sulfur removal (3). The heating of the MHD 
steam bottoming cycle feedwater reduces the amount of extraction steam from the 
steam plant turbines eliminating HTR.l (shown in Fig. 3. 3. 2-2) and raising the 
turbine output. Heat is provided to the clean fuel gas (4) from the MHD 'Ex- 
haust gas, raising the fuel gas to 1100 F at the inlet to the fuel gas expander 
(5). The expander lowers the fuel gas pressure to the level required for injec- 
tion into the MHD combustor and provides additional shaft power. Since the fuel 
gas temperature drops as it goes through the expander, additional heat is pro- 
vided from the MHD exhaust gas to raise the temperature back up to 1100 F. The 
estimated performance for the BGC-based IGMHD plant is given in Table 4. 3. 1-1. 

<«.3.3 Comparison of Performance 

The performance estimates in Table 4.3.1 indicate that the IGMHD power plants 
using the Texaco and BGC gasifiers would be 34.4 and 37.2 percent, respectively, 
ba^ed upon the fuel hi^er heating value. The corresponding efficiencies based 
upon che fuel lower heating value would be 35.9 and 38.9 percent. The higher 
efficiency of the BGC-based case results from both the higher efficiency of the 
BGC gasifier and the higher MHD power plant efficiency when BGC medium-Btu gas is 
the fuel. 
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TABLE 4. 3.1-1 


PERFORMANCE ESTIMATES FOR IGMHD SYSTEMS 



Texaco 

BGC 

Fuel System: 

Coal Rate (tons/day) 

9414 

7968 

Heating Value, HHV (Btu/lb) 

12,235 

12,235 

MHD Generator: 

Oxygen Enrichment (% by Vol.) 

35 

35 

Oxidizer Flow Rate (Ib/sec) 

652 

693 

Oxidizer Preheat Temp. (®F) 

1100 

1100 

Fuel Preheat Temp. (®F) 

1100 

1100 

Seed (% K by Ut.) 

1.0 

1.0 

Pressure Ratio (Compressor) 

11.5 

10.5 

Combustor Exit Temp. (°F) 

4650 

4750 

Magnet Strength (Tesla) 

6 

6 

MHD Gen. Output, dc (MW) 

510 

560 

Steam Cycle: 

Throttle/ Reheat Temp. (°T/°T) 

1000/100 

1000/1000 

Throttle/Reheat Pres, (psl/psi) 

2400/444 

2400/444 

Throttle/Reheat Flow (Ib/sec/lb/sec) 

1152/992 

886/648 

Power Output (MW) 

664 

539 

Overall Plant: 

Total Power (MVO 

1174 

1099 

Net Power (MW) 

967 

886 

Heat Rate, HHV - basis (Btu/kWh) 

9925 

>174 

Heat Rate, LHV - basis (Btu/kl'Jh) 

9498 

8773 

Efficiency, HHV - basis (%) 

34.4 

37.2 

Efficiency, LHV - basis (?.) 

35.9 

38.9 
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4.3.4 Load Following Capabilities of IGMHD Power Plants 

The capability of an MHD power plant to respond to rapid load changes is 
determined by the response characteristics of the steam bottoming plant and gasifier 
plant since the MHD generator itself has very fast response characteristics. In 
fact» MHD generators have been proposed for applications which require rapid 
pulsed power output. On the basis of response- time capability » the IQOiD power 
plants are, therefore, estlmat«.a to be able to meet electric utility response 
time requirements. 

An estimate of part load performance of MHD power plants indicates that 
at 70 percent of rated load, the efficiency of an MHD power plant to 96 percent 
of its full load efficiency. At 50 percent of rated load, the efficiency was 
estimated to decrease to 83 percent of its full load efficiency. 
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A.l Fuel Cell Electrochemical Fundamentals 

Fuel cells are electrochemical energy conversion devices, defined as 
electrochemical cells that can directly and continuously transform the 
chemical energy of a fuel and oxidant to electrical energy by an Isothermal 
process involving an essentially Invariant electrode-electrolyte system. 

Unlike a battery, a fuel cell In theory does not require recharging rather 
It will operate as long as both fuel (H 2 from a hydrocarbon fuel) and an 
oxidant (O 2 from air) are supplied to the electrodes. The electrodes act 
as reaction sites where the electrochemical transformation of the fuel and 
oxidant occurs, producing d.c. power. This electrochemical transformation Is 
isothermal; that is, the fuel cell directly uses the available free energy In 
the fuel at Its operating temperature. Thus, It Is not Carnot-cycle limited 
and can yield a high fuel— to-d.c. power conversion efficiency. 

To comprehend the operation o£ a fuul cell, it Is necessary to understand 
the basic electrochemical relationships which incorporate the parameters of 
primary importance In the determination of fuel cell performance. Because 
the primary parameters In these relationships do effect performance, an 
understanding of them will also provide an explanation for the thrust for 
the fuel cell development activity. 

The following presents a brief Introduction to the electrochemistry of 
fuel cells. This presentation Vias drawn upon the presentation of Ref. A. 1-1 
which provided a commentary at the appropriate level of detail for appreciating 
the discussion advanced In the current study. A more exhaustive treatment of 
electrochemical theory can be obtained from Refs. A.1-2 through A. 1-9. 

A.1.1 Reversible (Equilibrium) Electrode 

Consider an oxidation-reduction reaction such as In Eq. A. 1.1-1 occurring 
at an electrode: 


aA + ne“ ^ bB 


(A. 1.1-1) 


At equilibrium, there is no net reaction, but there Is a difference In 
potential between the electrode and electrolyte. Based on the following 
thermodynamic relatlo ships: 

AG “ — nFE (A.1.1— 2) 

AG - AG° + RT In K (A. 1.1-3) 
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where: AG • free energy chax^ge 

n ■ number of electrons transferred in a reaction 
F ■ Faraday constant 
E “ fuel cell equilibrium potential 
standard free energy change 
R ■ universal gas constant 
T ■ absolute temperature 
K ■ equilibrium constant 

Nemst developed an equation relating the equilibrium potential, E» to 
the activities of the species involved in the reaction. In general, the Nemst 
equation is written as: 


E° + H In 
nF 


[product of the activity of reactant species] 
[product of the activity of product species ] 


(A. 1.1-4) 


where E° is the standard potential when all the species Involved are at unit 
activity. The standard potential, E®, is related to the standard free 
energies of the species by: 


AG® - -nFE® 


(A. 1.1-5) 


For the acid fuel cell, the overall reaction is given in the following 
equation: 


H 2 + 1/2 0^ H 2 O 

At the normal operating temperature of 190 C and E® ■ 1.14 volts, the 
Nernst equation is: , <2 

I VI iPo 1 


(A. 1.1-6) 


PT 

E - 1.14 + In 


H2 


(A.1.1-7) 




The molten carbonate reactions are given in the following equations: 


H 2 + COj t H^,0 + CO^ + 2e* 
CO2 + 1/2 O2 + 2e“ * CO3" 


(A. 1.1-8) 
(A. 1.1-9) 
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Because CO 2 Is fed to the cathode and produced at the anode* the concentrations 
are not necessarily equal* so the overall reaction Is written as: 

“2 ^ °2 " 2 ° (A.1.1-10) 

At a normal operating temperature of 650 C and E*’ ■ 1.02 volts* the Nemst 
equation can be written as: 

^ 1/2 

E - 1.02 + In -i — + *1 In |Pco,l<;l'n >' (A.l.l-U) 

The fuel cell equilibrium potential, E, can be less or greater than the standard 
potential* E*** depending on the sign and magnitude of the logarithmic, 
concentration-dependent terms of Eqs. A. 1.1-7 and A. 1.1-11. 

Current Is related to the electrochemical reaction rate by: 

1 " nFr (A. 1.1-12) 

where r is the reaction rate, 1/nF. At equilibrium* the forward and reverse 
reaction rates of Eq. A. 1.1-1 are equal. They produce currents equal In 
magnitude but opposite in sign. The magnitude of the currents is called the 
equilibrium exchange current density, 1^. High exchange current density 
indicates that the electrcchemlcal reaction rate is high and good fuel cell 
performaitce is possible. 

A. 1.2 Non-Equilibrium Electrodes - Polarization 

Chemical and physical factors associated with various elements of the cell 
when current is flowing limit the processes described above. This results in a 
reduction in voltage from the expected reversible potential* E* (Fig. A. 1.2-1). 
Knowledge of these limitations* called polarizations* overpotentials* or 
overvolta^ 3 * n* is useful when attempting to calculate efficiencies. 

n • E - V (A.1.2-1) 

where V Is the cell voltage. 

The total polarization of the electrode is the sum of the factors which 
effect efficiency. 
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A. 1.2.1 Activation Polarization - Tafel Equation 

Most chemical reactions Involve an energy barrier that muat be overcome 
by the reacting species. This activation energy results in activation 
polarization, Activation polarization is the energy loss which occurs 

as the fuel or oxidizer is transformed into a state suitable for reaction. 

This energy loss is the sum of the heat of chemisorption on the catalyst 
and the heat of formation of the active ion. It is related to the current, i, 
by the Tafel equation: 

n ■ a + b' log i (A.1.2.1-1) 

SC L 

This can also be written as: 

i « 1 exp (2.3n »/b') (A. 1.2. 1-2) 

u act 

where a and b* are empirical and b* is referred to as the Tafel slope obtained 
from plots of log i versus n* The exchange current can be determined 
experimentally by extrapolating plots of log i versus n to n “ 0. Equation 
A. 1.2. 1-2 describes either the fuel cell anode or the cathode when the appropriate 
values for 1^, n, and b' are used. 

Activation polarization is related to the slow step in the reaction 
sequence. The slow step could be adsorption of reactant onto the surface, 
electron transfer, desorption of product, or any other step in the reaction 
sequence. 

Since the required reaction rate for chemisorption and ion formation 
are both proportional to the current density and a greater potential is 
needed to maintain a high reaction, the activation polarization loss 
Increases with current density. Porous electrodes of large internal surface 
area are used to increase the number of "active sites" for chemisorption 
and, thus, to decrease the potential required for a given over-all reaction 
rate. An other approach to decreasing activation polarization is to Increase 
temperature. 

A. 1.2. 2 Concentration Polarization - The Limiting Current 

Concentration polarization occurs when the electrode reaction is hindered 
by mass transport effects. The controlling process in the case of concentration 
polarization may be slow diffusion in the gas phase through the pores of the 
electrode, solution/dissolution of reactants/products into/out of the 
electrolyte, or diffusion through the electrolyte to a reaction site. As 
practical current densities, the latter predominates. When the elfc£trodc is 
completely governed by diffusion processes because of low reactant caiu:entratlon 


<• 


A.1-4 
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In the feed gases or because of conversions approaching 100 percMt (reactants 
depleted)* the limiting current* 1* is reached. This situation is characterised 
by a rapid drop in cell voltage* with increasing current density* as shown 
in Fig. A.1.2.2-1. 


The limiting current* 1^* can be calculated from the diffusion coefficient 
of the reacting ions* D* the bulk concentration of the reacting ions* C|j* and 
the thickness of the diffusion layer* X* by applyii^ Tick's Law: 

OnFC. 


1 . - 


B 


(A. 1.2. 2-1) 


For an electrode free from activation polarization (that is* the reaction is 
fast)* the concentration overpotential is X: 


n 

cone 




(A. 1.2. 2-2) 


It should be noted that it is possible to properly design a fuel cell so 
that the concentration polarization effect on cell voltage is negligible. 

A. 1.2. 3 Total Electrode Polarization 


The total overpotential* 
concentration polarizations. 


<1 ^ + n 

act cone 


is the sum of the activation and 


(A.1.2.3-1) 


In Eq. A.1.2.3-1* Ee is not the Nemst potential for a complete cell 
(Eqs. A. 1.1-7 or A. 1.1-11)* but is the Nernst potential of either the oxida- 
tion or reduction half-cell reaction* as measured against an inert reference 
electrode. 


The signs of the quantities in Eq. A.1.2.3-1 are always such that E^so 
tnat the equation is applicable to both anode and cathode. 


A.1.2.4 Ohmic Polarization - IR Losses 


When an anode and cathode are connected to an external load, the circuit 
is complete and current flows. Resistance to conduction of ions through the 
electrolyte* electrons through the electrodes and current collectors* and by 
contact resistances (between components) causes ohmic or IR polarization. 
Because both fuel cell electrodes and the electrolyte obey Ohm's Law, it is 
easy to calculate the voltage gradient (and loss) required to force ionic and 
electronic conduction: 


A. 1-5 
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^ohm " ^ (A. 1.2, 4-1) 

vh«re R la tha total call raaiatanea Including alactronlc, ionic, and contact 
raalatancea. 

A.1.3 Cell Performance 

Both anodic and cathodic reactlona contrlhute to the cell voltage, and 
the Internal realatance of the cell reducea the available voltage. Therefore, 

\ell * ^anode ^ '^cathode ~ (A. 1.3-1) 

where and determined experimentally or by Eq. I. A. 2-7. 

Polarization cannot be eliminated, but can be minimized by cell deaign. 

The IR loss can be reduced by using thin electrolytes and be efficient contacts 
between electrode and leads. Temperature and electrolyte composition also 
influence the cell resistance. 

Concentration polarization is dependent on the mass transport properties 
of the system. Mass transfer is a function of temperature, pressure, concen- 
tration, and the physical properties of the system. In a fuel cell, the 
reactants must diffuse through the tortuous paths of the porous electrode. 

This makes electrode structure Important. The electrochemical reaction rate 
is a function of the concentration of the reacting species so, as the 
conversion increases, the concentration polarization becomes more severe. 

Activation polarization depends upon the fundamental electrochemical 
reaction rate, which is also a function of teiq>erature, pressure, and concen- 
tration. However, because the fuel cell reactions under consideration are 
catalytic, the activation polarization can he changed by using different 
catalysts. 
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B.l Potential Fuel Cell Power Generation System Advantages 

Electric power plants containing a fuel cell power generation aystem would 
have many characteristics idtich could be attractive to electric utilities. 

Among the more important characteristics are: 

1) high fuel efficiency at both design rating and over the plant's operating 
range, 

2) low environmental emissions, 

3) rapid response to load-demand changes, 

4) waste heat recovery potential, and 

5) little effect of sise on efficiency. 

The following commentary elaborates on the potential benefits which could occur 
to an electric utility from these characteristics. 

B. 1.1 Fuel Cell Efficiency 

Because a fuel cell is not a thermal machine, it is not limited by the 
Carnot cycle. It therefore offers the potential for hi^er conversion efficien- 
cies and greater fuel conversion than conventional thensal generators are 
likely to achieve. First-generation fuel cells, (phosphoric acid) would have 
efficiencies of 38-40 percent, second-generation (molten carbonate and advanced 
phosphorus acid), 45 percent. In contrast, the efficiency of conventional 
fossil-fueled generators is in the range of 28-38 percent. As cell technology 
advances, these efficiencies are bound to increase. Also, since fuel cell 
efficiency is related to individual cell performance rather than generator 
size, small power plants will be just as efficient as larger ones (Ref. B.1-1). 

Besides being more efficient than conventional generators, fuel cell power 
plants maintain their efficiency over a wide range of loads. This characteris- 
tic is displayed in Fig. B.l. 1-1 where part-load heat rate is plotted for seven 
power plants including two fuel cell power plants. Whereas conventional power 
generation equipment is more efficient at rated pomr and amrkedly less efficient 
at part power, the fuel cell power plant is nearly constant in efficiency from 
25 to 100 percent of its rated power output. 

The high part-load efficiency could permit the fuel cell plant to be used 
in the load-following mode (Ref. B. 1-2). By operating the fuel cell power 
plant in a load-fol loving mode to provide for the variation in power demand a 
utility need not vary the output from their conventional intermediate or 
peaking units. This will then permit them to be operated at their most efficient 
output, 100 percen” of rated power. 


c -r 


B.l-l 


HEAT RATE, Btu/kVMv 
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FIQ. B.1.1-1 



% RATED LOAD 


COMPARISON OF POWER SYSTEM EFFICIENCIES 


B.l-2 
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B.1.2 EnvironMntal Bnistions 

'^iie fuel cell doe* not operate on a coeibustion cycle, conaequently eBiasion 
lev^l.' other than carbon dioxide, air, and water, auch aa nitrogen oxide* 

(HOj^), carbon aonoxide (CO), and unburned hydrocarbon* (UHC), are not high* 

The eaisaion of aulfur oxide* (SO,^) are alao not high becauae the aulfur 
content of the fuel stream must be reduced to attain long fuel cell life. The 
NOj^, CO, UHC, and 80^ emiaaiona that do occur originate mainly in the power 
plant's fuel processor (Kef. B. 1**3). 

The environmental emissions of fuel cell power plants are expected to be 
low. Table B. 1.2-1 compares Federal Enviromsental Protection Agency (BPA) 
requirements with the design goals for the A.8-HH unit being installed at Con 
Edison in M.Y. and the measured emissions for a 1-MW test unit using naphtha as 
fuel. It can be concluded from this table the esiission from a fuel cell power 
plant are expected to be at least an order of magnitude below EPA standards. 

In addition, the fuel cell is expected to be quiet. There will be pumps 
and cooling fans, but the noise level will be appreciably below the level of 
a fossil steam plant (Ref. B. 1-4). Also little or no makeup water or cooling 
water will be required eliminating the need for cooling ponds. 

B.1.3 Response Characteristics 

Fuel cells are quick to follow load changes. The load response time for 
the 4.8-MW demonsttation to be installed in the Con Edison system has a perform- 
ance specification of minimum power to rated power of 15 seconds and a specifica- 
tion of 35-percent power to rated power of one second (Ref. B.1-3). 

If a fuel cell were operated in the load-following isode to take advantage 
of its quick response, it could be used to reduce oiechanical spinning reserve 
requirements. Hechanical spinning reserve is supplied by a ctmventionsl power 
plant operating in a part-load condition so that it has the capability to sMtch 
load variations. Operation in this mode is, however, is relatively inefficient 
due to the poor off-design characteristics of most conventional power plants. 
Reducing the isechanical- spinning reserve by substituting the fuel cell with its 
rapid response and superior part-load performance characteristics would result 
in utility production cost savings. 

B.1.4 Haste Heat Recovery Potential 

Fuel cells because of their elevated operating temperature produce waste 
heat that can be utilised in the production of hot water or steam. The hot 
water could be used in a cogeneration application to supply district heat or 
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1ABLB B.1.2-1 

FUEL CELL POUER PLAHT EMISSIONS 
POUNDS PER MILLION BTU ENBBGY INPUT 
(from R«f. B.1-3) 



SPA 

4.8>MU 

1-MW Test 

Emission 

Requirement 

Design Goal 

Results* 

*®x 

0.3 

0.02 

0.02 


0.8 

0.00003 

0.0015 

Particulates 

- 

0.000003 

Non'-'Detectable 

Smoke 

- 

None 

None 


* At rated power 
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indu«tri«i proc««« heat while the ateem could be uaad in a ataan bottoaiog 
cycle power plant to produce additional electric power. Utilisation of this 
waste in e cogeneration application could increase overell efficiency to as hi^ 
as 90 percent (Ref. B.1-1) while the bottoning cycle applicatioa of the waste 
heat could yield overall efficiencies between 50 percent (phosphoric acid) and 
75 percent (aolten carbonate). 

B.1.5 Scaling Effects 

The heart of a fuel cell power generation systesii the fuel cell stack* 
consists of a stack of individual fuel cells connected in series to obtain the 
desired voltege. Since all the individual cells operate essentially identically, 
the efficiency of the cell stack is comparable to the individual cell. Conse- 
quently, for the voltages and the cell stack outputs envisioned for electric 
utility applications the fuel cell stack efficiency is independent of output. 

The lack of a scale effect has numerous advantages. It permits the develop- 
oient of s standard sise module in the 5-25 MW range which could be factory-fabri- 
cated and mass produced. This would reduce costs and lag tiam between orders 
and coonissioning to about 24 sK>nths (Ref. B.1-1). The standard sise modules 
would allow the utility to tailor their additions to more closely match 
anticipated load increases. Once installed the presence of many smaller modules 
would increase system reliability in comparison to one large power plant with 
the nasie output. This, in turn, reduces the magnitude of reserve requireomnt 
needed to cover for forced outages. 

Additional benefits accrue due to the coupling of modularity and low environ- 
oientel emissions. The tailored power plant can be located near the load center 
thus reducing transmission losses and costs. The reduced transmission distances 
will permit easier control of reactive power and voltage. Lastly, easier 
siting increases the probability of effective waste heat utilisation. 
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C.l Fuel Cell Hietorieal Overview 


The fuel cell concept ie en old concept. In 1639i W. 6rove» building upon 
eerlier work perforaed by H. Devy» conetructed e dieaicel battery in which the 
weterforaing reaction of hydrogen end oxygen generated en electric current. 

Grove used pletinua electrodee in contact with dilute sulfuric acid in hie 
device. Fifty years later» L. Mond and C. Longer developed a device they 
celled e fuel cell which had en output of 6 eape/ft^. The developaent of the 
dynaao in the seas tiae period overshadowed this work end the fuel cell reasined 
undeveloped for another fifty years. In the early 1940's Justi started to work 
with porous astel electrodes. Finally* in 1954* F. Bacon published the results 
of his high-pressure cell (Ref. C.1-1). 

The reel iapetus for fuel cell developsNnt occurred as e result of the 
NASA-sponsored progrsas for the Gemini end Apollo spacecraft in the early 
1960*s. By the aid-1960's soae 50 U.8. coapanies were investigating fuel cells 
as these coapanies tried to adapt the fuel cell to non-space applications. By 
the late 1960's the number of participants had dwindled because aost companies 
were unwilling to make the long-term research and development cosnitsmnts 
required to develop the fuel cell for coamercial applications (Ref. C.1-2). 

One of the coapanies willing to make the coasUtaent has been United 
Technologies Corporation (UTC* foimerly United Aircraft). Although it may 
appear somewhat provincial in outlook, it can be stated that this cosniitamnt 
has placed UTC in the forefront of fuel cell activity. It can be further 
stated that a review of UTC fuel cell activities would essentially cover most 
of the highlights associated with fuel cell developaent in the last quarter 
century. 

C.1.1 Early UTC Activity 

Energy systems studied at United Technologies in the 19S0's indicated that 
fuel cells would be attractive as a source of on-board power for space vehicles 
and that they also had potential for many military and commercial applications. 

A patent license was obtained for the Bacon type of fuel cell which was the 
sK>st advanced at the time and which was applicable to NASA missions. This 
patent license took the form of an agreeamnt with National Research and Develop- 
ment Corporation in Britain who was the owner of the Bacon patents and the 
Patterson-Noos Laboratories (now Leesona Corporation) tdio held a United Statea 
license. Certain obligations of this agreement survive to the present. 

C.l. 2 NASA Program History 

NASA gave early support to the fuel cell program and has continued to fund 
the application of fuel cello to space craft through the Apollo Program, Space 
Shuttle Procurements, and many RAO programs. 
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In March 1962* North AMriean Aviation* priaa contractor for tho NASA 
Apollo apacacraft* contraetaA with Pratt 4 Nhitnay Aircraft to davalop and 
product 1.5 kilowatt fual call powar planta for lunar viaaioaa. Aftar auccaaa- 
ful davalopaant* 61 powar planta warn nanufaeturad and dalivarad through 1966. 
Ovar 10*000 failura-fraa hours wara axparianead in apaca including all Apollo 
Lunar* Apollo SkyLab* and Apollo-Soyus niaaiont. 

In Novanbar 1973* Pratt 4 Uhitnay Aircraft waa oaaad to davalop and 
produce fual call powar planta for tha NASA Space Shuttle Orbitar under aubcon* 
tract with Rockwall Xntamational Corporation (fonaarly North Aaarican Aviation). 
Tha Spaca Shuttle Crbitar fual calls have baan constructed and have daaonatrated 
tha required parforaance for this contract. Drawing on technology davalopad 
since 1962* the Orbitar develops 12 kilowatts of power conparad to 1.5 kilowatts 
for Apollo and has a weight of 201 pounds conparad to tha Apollo all»up weight 
of 248 pounds. The Shuttle powar plant will have a required lifatiatt of 2*000 
hours (5*000 hours have been dasonstrated) conparad to tha useful life of 450 
hours required of the Apollo power plant (Ref. C.l>3). 

C.1.3 Other Space and Defense Prograns 

A contract was received from NASA-Marshal 1 Space Flight Canter to deliver 
a power plant similar to the Shuttle Orbiter fuel cell for Spaca Tug* an 
auxiliary spacecraft in the Shuttle Program. NASA-Lawis Research Canter has 
continued to support sdvanced space fuel cell technology contracts to develop 
ultra*lighweight fuel cells. 

A power plant system including two fuel cell power plants and deep sub* 
swrgence-type fuel tanks was completed and delivered to the Navy for the Deep 
Submergence Rescue Vehicle. A submersible auxiliary powar unit for a classified 
mission based on this DSRV design was delivered in August 1975. Previous 
progrsms with the U.S. Army for portable po%rer supply and with the Air Force 
for airborne weapons po«rer supplies have lapsed largely because of lack of 
mission definition in those agencies. 

C.1.4 Fuel Cell Program for the Gas Utilities 

Columbia Gas became aware of United's interest in fuel cells throu^ the 
gas turbine pipeline pumping program. They undertook a three year program in 
1963 to investigate natural gas fuel cells. Following the test of a 4-kW 
experimental fuel cell power plant by Columbia Gas Systems in 1966* some thirty 
gas utilities formed s not*for*profit corporation called TARGET (Team to 
Advance Gas Energy Transformation) to support fuel cell research at UTC. 

During 1971*73* 65 experimental 12.5*kU fuel cell power plants (PC*11 
designation), designed and built by UTC in conjunction with TARGET* were 
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iost«ll«d «nd op«m«4 by t** coBbiMtlea utiliti** to 3S oa-tit« locations 
to dotsraino tho eoncoptual foosibility of oa*sito fool coll oUetric sonrieo. 
Tho longest conttonous run rocordnd without wajor ovarhaul to thaaa taats waa 
4»000 hours; 10*540 hours was tiia longast run on any singlo powar plant with 
ovatoaul; and a total of 200*000 ho«ira was l^gad in tha pregraw. Ihia taattog* 
eonduetad by gas industry parsonnal at gas industry axpaaso* prouidad aonrica 
axparianea with tha real iapuritiaa of natural gas and wstar auppliaa, furnishad 
actual warkat accaptauca and public ralations axparianea* and dawonstratad that 
gaa parsonnal can ba trained to inatall and operate fuel call type aquipnsnt. 
Many asehaaical problaws ware axparianead early in tha prograsi but by tha and 
of tha progran a failu:ra rata of lose chan ana unachadulad shutdown par tiiouaand 
hours wss axparianead* idiich is cosiparabla to industrial gas turbine axparianea. 
This axparisMntal powar plant identified a nuabar of syataa raquirawanta which 
provided tha objectives «id direction for tha continuing effort. 

In 1976* a 40*kW axpariasntal unit (PC-18) reflecting laaaons learned frow 
the previous conprehensive field tests, successfully deaonstraCed electrical 
generating efficiency of 40-percent and the availability of power plant waate 
heat at useful tei^ratures. The conbined output of electrical and thamal 
energy exceeded 80 percent overall natural gas utilisation to contrast to about 
30-percent utilisation for electrical power plants and 60-pereent utilisation 
for space and water heating. 

An even ux^er utilisation level was achieved in testing involving a 
stoulated 16-unit apartwent building located in New England. Winter conditions 
were sinulated and a heat |<vnp was included with the heat recovery systaa. The 
results produced indicated that less gas energy would be used to provide the 
total energy requireaents of the building — electrical and theiaal — than was 
needed by a conventional gas-fired furnace to provide heat alone. 

The successful 18,000 hours of operation of this power plant in United's 
facility and continuing gas utility and UTC expenditures and advocacy resulted 
'in sponsorship by the Gas Research Institute (CRl, the sucessor to TARGET) and 
DOE of a 40-kW dcvelopaent prograa which was initiated in 1977. This prograa 
incorporated recent technological inprovewents in the developnent of an toproved 
40 - kW design suitable for precoasnercial field test. 

In the near future, field tests of sows fifty 40-kW fuel cell systeas will 
be conducted at sosw 25 sites by a siailar nuaber of utilities. In parallel 
with these tests, it is proposed that the utilities exaaine proposed business 
scenarios for conasrcial service, and the Federal Govemaant and GRI detemine 
what incentives are required, if any, to encourage coaaercialisation. These 
actions would provide the basis for establishing the detailed plans and actions 
required for coaaercialisation (Ref. C.1-4). 
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C.lt5 Putl G«ll Progm for th« BlccCrie UtiliciM 

In 1971 the Bditen BUctric iMtitut* (BBX)i and • group of oloctrle 
tttilicioo bogan ovaluatiog cha fual call. Significant banafita vara idantifiad, 
and in 1972 the Fual Call Ganarator-1 (POC^l) prograa waa aountad bp Chitad and 
nina utilitiaa. lha goal of tha prograa uaa Cha davalopaant of a 26~MI, powar 
plant for coaaarcial aarvica bp i960. Operational targata includad a capital 
coat of $350/kH in 19S0 dollara (tha atatad goal waa $16S/kH in 1972 dollara), 
a haac rata of 900C-9300 Btu. a 40*000~hour atack life, and the abilitp to run 
on naphtha (Ref. C.1-2). 

A l-MW pilot FGG-l plant waa daaonacratad aucceaafullp in 19‘*6-1977 for 
Bore than 1,000 houra ganarating about 700,000 kUh (Saf. C.l-!^). Tha plant, 
lAiila not in the packaged, iM>dular fora thaaa planta will ulti^talp take, 
confiraad that a naphtha-fueled unit could provide electrieitp to a uCilitp 
bua, uhile aeeting heat rate, loading-following, eBiaaiona, and other operational 
requireawnta eatabliahed bp the utilitiaa. 

In 1976 BBDA (now DOB) and tha Electric Power Baaearch Xnatituta (LPRI) 
joined Che PC6-1 effort, raaulting in a prograa to deaign, fabricate, and teat 
one 4.5-MU a.c. aodule of the P06-1 power plant in 1979-19S0. Conaolidated 
Bdiaon Coapanp of New York, waa choaen aa t*.ie hoat utilitp, and a downtown aite 
in New York City waa aelected for the deaonatration. The 4.5-HW deaonatrator 
ia expected to exhibit the auitability of the fuel cell for utility aerviea. 
Unlike the 1-MU plant, the 4.5-MU unit will be fully packaged, with virtually 
all coaponenta organiaed into aodulea. After fuel cell atack inatallation in 
1961 an acceptance teat of 200 houra will coaaance. Thia will be followed by a 
2000-hour validation teat (Ref. C.1-5). Plugged into Conaolidated Bdiaon'a 
grid, the deaonatrator will be operated by utility peraonnel. The plant'a 
downtown location is expected to verify the fuel cell's eaissions, and noise 
levels. In addition, general acceptability to its neighbors will be evaluated. 
Econoaic advantages in the fora of tranaaission savings, voltage control, load 
following, and systea reliability will be deterained. The prograa will also 
verify the FCC-l's operational claias, including thoae on heat rate, power 
quality, transient response, and startup-ahutdown character iatics (Ref. C. 1-2). 

C.1.6 Suaawry 

A chronological sunaary of the fuel cell activity aentioned above is 
provided in Table C. 1.6-1. 
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XmB C.1.6-1 

CHROKOLOCY OT OTC FUBL CELL ACTXVmSS 

1959 -> Bacon Patmt Lteaaca Obtained 

- 0« 8. Axmy Raganaratlva Call Contract 

1961 - NASA 250-W f^ial Call Contract 

Coluabla Gaa 50(Mf Call Contract 

1962 - Apollo Devalopmant Contract 

1963 - Colund>la Gas Hydrocarbon-Air Call Contract 

1966 - 3.75-kH Natural Gaa Powarplant Dellverad to Columbia Gaa 

- First Apollo Fuel Call Flight 

1967 - TARGET Gaa Utility Program Initiated 

1969 - TARGET 12.5-kW Powerplant Teatud 

- First Apollo Lunar Mission 

1970 - Navy Deep Submergeuce Contract 

1972 - Electric Utility Development Initiated 

1974 - Space Shuttle Orblter Contract 

1975 - TARGET 40-kH Powarplant Tested 

1976 - ERDA (DOE) and EPRX Contract 

1977 - DOE and GRI Contract 

- FCG-1 Pilot Power Plant Tested 

1981 - DOE/EPRI 4.8-M) Demonstrator Installed 

- Possible DOB/GRI 40-kH Field Tests 
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A. 2 Theory of Coobinod-Cyclo Oporotiono 

In tho oii^llfiod intogratod goniflcatlon coabiiiod-cyclo syatOB, cha 
Curblna axhauat gaa ia uaad dlractly to raiaa acaan in an unflrad bollar. 

Additional haat fron tha fual |m atraaai ia alao uaad to raiaa ataaa. Tha 
parfonanca of auch a ayataa can ba aatinatad fror tba followtog aquation: 

(A. 2-1) 

'Icc ■ 

whara 

^cc ■ coabinad cycle tfflclancy 
^gt ■ MS turbine efficiency 

^a ■ fi'in cycle efficiency 

^ex ■ cenperature of gas turbine exhaust 

‘^st ■ tenperature of the stack gas 

Ta ■ ancient temperature 

^s “ amount of fuel heating value used to raise steam directly 
^f ■ total fuel heating value 

In Equation A. 2-1, the ratio Ug/Wf represents the amount of steam raised by 
heat other than that contained In the gas turbine exhaust. This heat may be the 
fuel gas senslbla heat used to raise steam or, in some configurations, fuel p.s 
nay be burned In the turbine exhaust prior to the waste heat boiler to give a 
higher approach temperature. 

For the case where Is zero, l.e., the pipeline delivery of fuel gas, the 
equation A.2-1 simplifies to: 

These equations point out the Importance of gaa turbliM efficiency and of cycle 
temperatures on the ability to utilise the gas turbine ;xhaust heat. 

The gas turbine efficiency is a function of pressure ratio, turbine Inlet 
temperature and the mechanical efficiencies of the cosiponents. losses due tc roal 
pressure drops, cooling loads, diffuser losses, etc. must also be accounted t* 
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For the gas turbine used In this study, the efficiracy is in the 32 to 34 per~ 
cent range. 

Similarly, the steam turbine cycle efficiency is a function of operating 
pressure, throttle temperature, cycle configuration (reheat, regeneration and 
conponent efficiencies). A fully regenerative single reheat steam cycle opera- 
ting at modem steam conditions (1800 - 2400 psi, 1000 F/1000 F) would have 
cycle efficiencies of 40-43 percent. In condblned-cycles, however, there is 
usually no regeneration since gas turbine exhaust heat is used to preheat feed 
watei', deaerate, etc. Steam cycle efficiencies are then of the order of 30-35 
percent. The loss of cycle efficiency is more than made up by the reduction in 
stack temperature of the gas turbine exhaust. 

All of the above parameters are very closely interrelated. It is virtually 
impossible to change one variable without affecting another. For this reason, 
a very sophisticated computational program must be used to reduce analysis times 
to reasonable levels. This is especially true when considering the integrated 
power plant because the operation of the gasifier must be accounted for. 


